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l II. INTRODUCTION 
Since 1945 there has been increasing emphasis on the 
I 
e'ffects of ionizing radiation on biological systems. The 
1 
question naturally arises as to the effects of x-irradiation 
! 
~n the size of biological compartments and the transfer 
~ates between them. 
Brownell and Stanbury (1954) have stated, "Analysis of 
~racer data derived from metabolizing systems is certain to 
i 
~ave increasing utility, for not only are the dissection of 
I 
-tihe body into its compartments and the assignment of rate 
! 
dlonstants legitimate areas of descriptive biology, but in-
deed the essence of a disease may be an altered rate constant 
dr' a change in the dimensions of a compartment.•• 
Wasserman, Joseph and Mayerson (1956) have described the 
I 
kinetics of vascular and extravascular protein exchange in 
yhe dog. They have demonstrated that the masses of albumin 
I 
normally present in the intra- and extravascular compartments 
' 
' ~lay a major role in determining the rate of equilibration of 
! 




Storey, Wish and Furth (1950) have shown that x-irradia-
tion causes a profound reduction in the red cell volumelhile 
Jhe total blood volume is only slightly diminished. This 
,ould imply a shift of extravascular fluid into the intra-
vascular compartment in order to maintain the blood volume 
lt or near its normal level. 
r 2 
This investigation will study the effects of two doses 
(600 r and 1200 r) of x-irradiation on the kinetics of intra-
extr~vascular protein exchange in the golden hamster 
(Mesocricetus auratus). Intra- and extravascular albumin 
massJs, disappearance rates of injected I 131 labeled serum 
albu~in, and equilibrium times will be determined in normal 
and in x-irradiation hamsters in order to evaluate radiation 
i 
induced changes. The golden hamster was selected for this 
study in order to extend the published work on the effects of 
! 
x-irradiation on the hematology (Fulton, Joftes, Kagan and 
Lutz !1954) and on the circulation (Fulton, Lutz and Kagan 





III. REVIEW OF TEE LITERATURE 
A. The Use of Isotopes as Biological Labels. 
The total amount, distribution and chemical com-
pos,ition of body constituents are kept constant within 
narrow limits by the physicochemical mechanisms of the 
body itself. When an investigator attempts to study 
any of these phenomena by administering experimental 
substances, he loses track of them as soon as they pass 
the: intestinal wall and mix with the substance of the 
blood and tissues (Schoenheimer Rittenberg, 1940). The 
use•of isotopes provides an ideal method of tracing the 
in vivo metabolism of normal body constituents for 
several reasons: 
l. Isotopes of an element occur naturally with the 
element and have the same chemical reactivity as 
their stable counterparts. Living cells thus 
cannot distinguish between the isotopes of the 
same element but treat them practically alike. 
2. Isotopes of various chemical elements in the 
body can be tagged, in vivo, into many of the 
body's organic constituents prior to administra-
tion to the organism. 
•3. Many isotopes are radioactive and their presence 
l 
I 
in various body compartments, or in the chemically 
separated products of metabolism, may be detected 
electronically. Non-radioactive, steady state 
isotopes of elements have chemical and physical 
4 
properties sufficiently different from the 
natural element to permit their detection by 
chemical or physical methods, 
As early as 1923, Hevesy recognized the importance 
' of radioactive isotopes as biological labels. He 
followed the course of lead in animals by adding to it 
a ~inute amount of one of its natural radioactive iso-
topes (Hevesy, 1923). Hertz, Roberts and Evans (1938) 
studied the biological introduction of radioactive iodine 
in~o the thyroid gland and demonstrated that hyperplasia 
of the gland increased the iodine uptake. Tarver and 
Schmidt (1939) used radioactive sulfur in the study of the 
I 
biological conversion of methionine to cystine. Ruben, 
Hassid and Kamen (1939) used a short-lived isotope c11, 
as a label to study the photosynthetic incorporation of 
c11ri into carbohydrates of barley. 
,2 
Although, prior to 1945, the biological investigator 
had a variety of radioactive isotopes with which to study 
ion metabolism, comparatively few were adaptable as labels 
for. the study of the metabolism of organic molecules such 
as proteins and amino acids. Non-radioactive, steady 
state isotopes, primarily s34, o18, N15 , c13 , were used 
as biological labels, These isotopes could be incorpo-
rat~d in vivo into proteins of a donor animal, by oral 
adm:!lnistration, 
adm~istered to 
and the labeled proteins separated and 
a host animal. Intermediary products of 
th~ labeled protein metabolism were analyzed for their 
isdtope content by various physicochemical methods: 
determination of density, refractive index, or mass 
spectrometric analysis. The limited number of radio-
ac~ive isotopes available as organic labels had the 
disadvantages of low specific activity, short half-
lite and high cost. 
A detailed survey of the early work on the use of 
radioactive and steady state isotopes as biological 
labels bas been extensively reviewed by Schoenheimer 
and. Rittenberg (1940). 
5 
' As a result of wartime atomic energy research, a 
great number of artificial radioactive isotopes have 
been developed since 1945. Not only have isotopes of a 
large number of elements been developed, but also varie-
ties of isotopes with different characteristics for many 
I 
individual elements. Iodine for example has seven radio-
active isotopes with half-lives varying from 6.7 hours to 
15 days. The present day investigator, therefore, has a 
wide choice of labels with which to work, depending on 
whether he is interested in a long or short term experi-
ment. Analysis of the intermediary products of metabolism 
and tracer studies have been greatly facilitated by the 
dev~lopment of better methods of labeling organic molecules 
and jimproved apparatus for determining the radioactivity 
of t:hese labels. 
~' ••• - .•.• '~ • ··- . ·;•,'>-·,:.~ 
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l. Chemistry of iodinated albumin. 
The first use of radioactive r 131 as a label for 
plasma protein was reported by Fine and Seligman (1944) 
in' a study of the loss of plasma into the tissues of the 
dog following shock. These investigators had previously 
used radioactive bromine as a label for plasma, but had 
found this unsatisfactory due to the presence of large, 
variable quantities of non-radioactive bromine in the re-
acting solution which reduced the specific activity of 
the labeled protein (Fine and Seligman 1943). Dissolution 
of the tissues to be analyzed resulted in the loss of some 
radioactive bromine by voli tilization. 
The method of iodination used by Fine and Seligman 
inv'olved the use of r131 formed by the deutron bombard-
ment of a cobalt telluride target. The r 131 resulting 
from the transmutation of tellurium was separated by dis-
solving the target in nitric acid with potassium iodide 
added as carrier iodine. The iodine was distilled into 
cold carbon tetrachloride and swirled with plasma, after 
which sodium carbonate was added. The mixture was centri-
fuged and the plasma was separated and dialyzed against 
cold tap water for 36 to ·48 hours. 
2. , Iodination reactions. 
iThe basic chemical reactions for the iodination of 
protein have been reviewed by Hughes (1957). The reactions 
7 
o~ proteins with iodine have been extensively studied 
due to the simplicity with which these reactions may be 
accomplished and the ease with which their products can 
be'analyzed. The reaction pathways o~ protein iodination 
have proved to be very complex, as would be expected due 
the innate complexity o~ the protein molecule itsel~. 
Tha ~ollowing reactions illustrate only the general re-
ac~ions o~ protein with iodine and are taken ~rom Hughes 
I 
(1957). 
Various methods o~ iodination have been developed; 
all o~ them utilize iodine in the 1 oxidation state as 
the active species. Since iodine is solP.ble only to the 
extent o~ l.lMol/liter in water at 20°C, some agent such 
as iodide which ~orms soluble complexes is usually added. 
Prerequisite to an understanding o~ the reactions o~ 
iodine with proteins is some knowledge o~ its interactions 
wit~ the solvent. 
(1) r2~I+ r-
' (2) r 3 -- r2 + r 
(3) r2+~o ~~or + r 
(4) I2+oH-~IOH+ r 
The~e reactions simply state the ~ormation o~ several re-
actants in which iodine is in the 1 oxidation state. 
,The principle reactions o~ iodine with protein are as 
~oll:ows: 
I 
+ (5) ~OI + Rc:::>o-~Rc3 o-+ H-t+ li:aO 





These reactions (5-8) are irreversible {or essentially 
so) in that the equilibrium is far to the right. The re-
ac~ions which involve substitution of iodine into the 
t~osyl residues (5-6) are probably the basis of all 
' 
tagging with radioactive iodine. 
; The reactions of iodine with sulfhydryl groups (7-8) 
oc~ur more rapidly than the tyrosyl substitution but do 
notl result in stable bonding of iodine. Whenever geo-
metrical factors permit, reaction 8 takes place liberating 
al~ of the iodine as iodide. Serum albumin is a monothiol 
pro:tein and the formation of: such a disulfide link is 
ste'arically dif:ficult. Two equivalents of iodine are con-
sumed but the sulfonyl iodide {reaction 7) must hydrolyze 
rapidly since the f:inal product is devoid of iodine 
(Hughes and Straessle, 1950). In labeling experiments, 
the' f:irst iodine consumed, equivalent to the SH content of 
the·protein solution, must be considered lost f:or the pur-
l 
poses of labeling. 
I 
9 
3 •. Modification of labeling. 
In their earlier work on the halogenation of plasma 
proteins using bromine, Fine and Seligman (1943) observed 
the necessity of obtaining the lowest possible halogen 
composition of the protein in order to reduce the denatur-
ation of the protein to a minimum. Excessive labeling of 
the protein resulted in its rapid disappearance from the 
circulatory system after injection. This relationship 
between extent of iodination of the protein molecule and 
denaturation has been demonstrated in several studies. 
Hughes and Straessle (1950) showed that iodination pro-
gressively decreased the solubility of serum albumin to 
the point at which albumin containing 34 atoms of iodine 
per molecule of albumin were insoluble in distilled water. 
Similar studies by Steinfeld et. al. (1957), Berson et. al. 
(1953) and McFarlane (1956) using heavily and lightly 
iodinated serum albumin have confirmed the denaturing 
effect of heavy iodination on the serum albumin. 
The theoretical iodine content of the serum protein 
iodinated by Fine and Seligman (1944), if the assumption 
is made that one molecule of iodine has been incorporated 
per molecule of protein, would be .oz% iodine. 
The iodination method of Fine and Seligman has been 
I 
subjected to modifications by later investigators for 
! 
i 
sevelal reasons. The cobalt telluride source of radio-
. 1 d 130 
,active iodine produced a large amount of short- ive I 
lO 
(half-life 13 hours) which was incorporated into the pro-
tein molecule. The short half-life of this isotope would 
give 
: 
a falsely high disappearance rate of labeled protein 
from the blood. It was necessary, therefore, to delay 
the use of the labeled protein for f'i ve to ten days until 
the content of Il30 diminished to an insignificant level. 
In addition, the I 131 yield of' the cobalt telluride tar-
gev was low. This required that the investigator use a 
heavily iodinated protein in order to achieve a specific 
ac~ivity which would be detectable over a long term ex-
periment. A third reason for modification concerned the 
rate of mixing of the isotope with the protein solution 
dur'ing the iodination reaction. Iodine reacts rapidly 
with the protein in an alkaline solution pH 9.0-9.5. If 
mix1ng is not rapid and complete some molecules of' pro-
teiD will be heavily iodinated while others will be only 
lightly iodinated. 
Although numerous methods of iodinating plasma pro-
teins have been published (Crispell, Porter and Nieset, 
1950; Hughes and Straessle, 1950; Pressman and Eisen, 
1950; Frances, Mulligan and Wormall, 1951; McFarlane 
1956) all are based on the availability of carrier free 
Il3l, usually as KI3 • The major differences in the 
methods concern the means of making iodine available in 
i 
the l active species and the method of attaching the 
iodine label to the tyrosyl residue. 
ll 
Two popular methods of iodinating protein which are 
the basis of moat modifications currently in use are 
those of Hughes and Straessle (1950) and Frances, Mulligan 
and Wormall (1951). The Hughea-Straessle method depends 
on mixing free iodine in potassium iodide carrier solution 
with the protein in bicarbonate buffer at pH 9.5-10. That 
of Frances et. al. depends on liberating the iodine by 
acidifying a mixture of iodine and iodate and adding the 
mixture to an ammoniacal solution of the protein. In the 
commercial method of preparing radioiodinated human serum 
albumin (RISA) at Abbott Laboratories, the serum albumin 
is bicarbonate buffered pH 7.6. A mixture of r131 and 
r12.3 carrier is added on a molar basis such that one atom 
of iodine is present for each 5.5 molecules of albumin. 
The iodine is liberated from iodide by the addition of 
hyp~chlorite solution added at intervals (Steinfeld et. 
! 
al. 1957) with constant agitation. After standing over-
night the free iodine is removed on an ion exchange column. 
·McFarlane (1956) has criticized these methods because 
of the denaturing effects of the high pH of the Hughes and 
Frances methods and presence of the hypochlorite in the 
commercial process. The method developed by McFarlane 
use~ free labeled iodine in solution in an amount equiva-
len~ to a final binding of a single statistical mean atom 
of iodine for every molecule of protein to be labeled. 
Just before mixing with the protein solution the iodine 
12 
solution is buffered to pH 9.3. In order to insure rapid 
and uniform mixing of the two solutions, the free iodine 
solution is injected in a high velocity stream into a 
counterstream of buffered protein. Carrier iodide is 
added and the pH quickly reverts to between 7.0 and 7.5 
as the mixture is passed through an ion-exchange column 
to remove this iodide along with unbound rl31. 
4. Stability of iodine label. 
The stability of the iodine protein bond has been 
tested by many investigators both in ~ and in vitro • 
. The non-protein bound iodine content of iodinated pro-
tein solutions has been analyzed by practically all in-
vestigators as a routine procedure before injection of 
the ·.labeled protein. After precipitation of the proteins 
in solution with cold lo% trichloracetic acid, the super-
natant is tested for non-protein bound radioactivity. 
This has been uniformly reported to be less than 2% of the 
total radioactivity of the solution (Fine and Seligman 
1943; Sterling 1950; Wasserman et. al. 1952; Masouredis, 
Melcher and Shimkin 1953; Berson et. al. 1953). Crispell, 
Porter and Nieset (1950) allowed a solution of iodinated 
albumin to stand for one week at room temperature and re-
ported a negligible fraction of non-protein bound iodide 
I in the solution. Also, the electrophoretic pattern of the 
iodi~ated protein was unchanged. 
13 
Hertz, Roberts and Means (1940), reported that small 
amounts of ionic radio-iodine in the blood stream are 
immediately removed by the thyroid gland. Studies of the 
thyroid glands of animals injected with radio-iodinated 
serum albumin failed to show any significant concentra-
tion of radio-iodide after 12 hours (Fine and Seligman, 
1943) and 24 hours (Storaasli, Kriegar, Fridell and 
Holden, 1950; Wasserman and Mayerson, 1952). Masouredis, 
Me]cher and Shimkin (1953) however, injected I 131-labeled 
an1J,i-ovalbumin, an antibody containing globulin fraction 
of rabbit plasma, into mice and found a relatively large 
quantity of activity in the thyroid gland several hours 
after injection. This indicated that a larger quantity 
of iodide I 131 is non-protein bound than would be indi-
cated by trichloracetic acid precipitation alone. The 
authors believed that the non-protein bound iodide content 
of a labeled protein solution was .not accurately indicated 
by the radioactivity of the supernatant after the protein 
was precipitated by cold trichloracetic acid, due to the 
phy~ical absorption of the I 131 to the precipitated pro-
tein. The suggestion was made by the authors that this 
absorption be controlled in the precipitation reaction by 
the addition of non-radioactive carrier iodide. A similar 
studv has been reported by Elgee, Bailey and Williams 
I 
I 
(195~) who observed that appreciable quantities of inorganic 
. Il3 1 were precipitated by trichloracetic acid in the 
14 
pr~sence of red blood cells. This effect was not found 
to be as severe in the trichloracetic acid precipitation 
of serum, however. 
The iodophenol bond is labile in strong acids and 
therefore hydrolysis of iodinated proteins is normally 
carried out in alkali. Iodophenols exchange readily 
with free iodine above pH 3.0 and consequently the ex-
change of the iodine between protein molecules would be 
expected under physiological conditions (pH 7.2- 7.8). 
No evidence of this type of exchange bas been observed 
in vivo. Since the mechanism of exchange requires oxi--
diz?d iodine (iodide is inactive) its occurrence seems 
unlikely at the low oxidation-reduction potentials found 
in ~ivo (Hughes, 1957). The experimental evidence is 
strongly weighted against the possibility that iodine ex-
changes between protein molecules occur in vivo. Dixon, 
Burkantz and Dammin (1951) examined the urine of animals 
injected with I 131-labeled protein and found that the ap-
pe~ance of radioactivity in the urine reflects the rate 
of elimination of the labeled protein from the blood. 
The 1radioactive iodine in the urine was in the non-pro-
tei~ bound form and was considered to represent the pro-
ducts of labeled protein catabolism. Similar observations 
bavel been reported by Gitlin, Janeway and Farr (1956) and 
Bersjon, Yalow and Post (1953). Studies reported by Hughes 
(195;7); Cohen, Holloway, Matthews and McFarlane (1950); 
15 
and Margen and Tarver (1956) in which animals previously 
injected with iodinated proteins were fed iodine-labeled 
amino acids produced no increased persistence of labeled 
protein in the blood. If the iodine from the labeled 
amino acid had been able to exchange with the plasma pro-
tein, the disappearance of the label from the blood would 
have been prolonged. 
5. ; Effect of iodination on protein metabolism, 
A basic requirement for the use of an isotope labeled 
protein in vivo is that it behave in a manner indis-
tinguishable from native protein. The introduction of the 
r13~ label on the protein obviously alters the molecule, 
The iodinated serum albumin has also lost its sulfhydryl 
group. These alterations of the protein molecule must not 
be so severe that the animal will select them for special 
treatment from a population of its own uniodinated protein 
molecules. 
Berson, Yalow, Schreiber and Post (1953) have studied 
labeled and unlabeled serum albumin by electrophoresis 
and ultracentrifugation. The results obtained from analy-
sis of labeled albumin, unlabeled albumin and a mixture of 
lab~led and unlabeled protein were identical for several 
i 
batches of albumin labeled by different methods. The bio-
logical behavior of the different batches of protein were 
quite different, however. The disappearance rates from 
16 
the: circulation varies considerably with the method o:f 
iodination used. 
Various indirect methods have been developed to de-
termine whether the labeled protein is treated in vivo 
in a manner similar to that o:f native protein. 
Iodinated homologous globulins have been injected 
along with antibody globulins and the :fate o:f the isotope 
compared to that of the immunological label (Melcher and 
Masouredis, 1951; Dixon, Talmage, Maurer and Deichmiller, 
1952). Sterling (1951) used a di:f:ferent approach to study 
the elimination o:f iodinated heterologous proteins. He 
administered iodinated labeled human serum albumin to 
rabbits along with thousandfold greater amounts o:f un-
iodinated protein. Precipitin titres which reflect pre-
dominantly the elimination o:f unlabeled molecules decline 
in the same general way as the r 131 specific activites. 
The disadvantages of this method have been discussed by 
Gitlin, Lotta, Batchelor and Janeway (1951) who point out 
that the use of isotopically labeled proteins to study the 
in vivo behavior of antigens is complicated by the heter-
ogeneity of most labeled antigen preparations. 
'Another method o:f much wider scope involves the com-
parison o:f r 131 labeled proteins 
biosbnthetically with c14 or s35 
animal. 
I 
with proteins labeled 
injected into the same 
17 
Significantly faster turnover rates have been ob-
tained for I 151 labeled as compared to c1 4 or s 55 labeled 
proteins (Masouredis and Beckmans, 1955; Armstrong, 
Kukral et. al., 1955; Volwiler et. al., 1955; Margen and 
Tarver, 1956). 
Other groups of investigators in Great Britain 
(Campbell, Cuthbertson et. al., 1956; Cohen, Holloway et. 
al., 1956; McFarlane, 1956) have reported identical turn-
over times for both c14-and I 151-labeled albumin, -glo-
bulin in rabbits and rats. Several reasons have been 
proposed to explain the difference in turnover rates ob-
tained with differently labeled proteins. 
Reutilization of the s55 or c14 label would give an 
apparent lengthening of the turnover time and has been 
suggested by Volwiler, Goldsworthy et. al. (1955) and 
Margen end Tarver (1956). Maurer and Muller (1955) have 
reported significant incorporation of s55 from labeled 
albumin into the "'-, P and r globulins of rats. McFarlane 
(1957) was unable to duplicate this however. Volwiler, 
Goldsworthy et. al. (1955) have suggested that iodine is 
lost from the albumin by a mechanism which does not in-
volve rupture of the peptide bond and imply thereby, that 
urinary excretion iodine does not really reflect catabo-
lism of the labeled molecule. Margen and Tarver (1957) 
injected human serum albumin which had been doubly labeled 
with methionine-s55 and I 151 • The rationale of the ex-
periment was that when the protein was denatured both 
l8 
labels would be lost at the same time, and the reutiliza-
tion of the methionine-s35 would be prevented by its dis-
solution in the body methionine pool. Significantly 
longer turnover times were obtained for s35 and the authors 
concluded that rl3 l was lost by a mechanism other than 
that of peptide bond rupture. Similar results and con-
elusions had been reported by Friedberg, Walters and 
Haurowitz (l955). 
Goldsworthy and Volwiler (l957), in their review of 
this subject, believe that the faster turnover rates re-
ported for rl5 l-labeled proteins reported by American in-
vestigators than for cl4- or s 35-labeled proteins is due 
chiefly to alterations in the rl5 l-labeled protein in the 
isolation, iodination and handling processes prior to its 
administration • 
. This concept is supported by the work of Berson, Yalow 
et. al. (l953) who also reported that the method of iodin-
ation of serum albumin may influence significantly its 
rate of metabolic degradation in vivo in man. These in-
vestigators have demonstrated that self-irradiation of 
the labeled protein solution from the radioactive label 
Will produce alterations in the protein. Electrophoretic 
studies (Yalow and Berson, l956) on rl3 l-labeled insulin 
' I 
which had been exposed to external x-irradiation showed 
two detectable alterations: the release of iodide and the 
app,earance of labeled components that migrate with the 
serum proteins. They have also shewn that the extent 
19 
of the alteration produced in labeled protein by irradia-
tion depends not only on the dose of irradiation but on 
the concentration of the labeled proteins; the lower the 
concentration, the larger the quantity of altered material. 
They recommended the addition of carrier serum albumin to 
reduce the effects of self-radiation. 
The appearance of reactive sulfhydryl (SH) groups after 
irradiation of solutions of insulin and serum albumin has 
been reported by Yalow and Berson (1957). Barron, Ambrose 
and Johnson (1955) have studied the mechanisms of the 
effect of ionizing radiation on the physicochemical prop-
erties of amino acids and proteins. Irradiation produces 
changes in the ion-binding capacity, spectral absorption 
in the ultra-violet range and amino acid composition of 
I 
proteins. 
The radiochemical and radiobiological alterations of 
self~radiation on Il31-labeled proteins has been re-
viewed by Berson and Yalow (1957). They concluded that 
the alterations produced are not due to the direct effect 
of irradiation in the protein, but that they result from 
the indirect (secondary) effect of radicals formed during 
' the'irradiation of water. The authors quote the following 
reactions from Lea (1947), as illustrative of these altera-
tions. 
+-
~0 ~~o + E 
1!:30~ .OH + H+ 
+ 
e-+ H- .H 
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The following subsequent reactions are presumed to occur 
in the presence of 02 
H. + 02 -r .02H 
.02 H + .H -+ 1!:302 
.OH -t- 1!:302 ~ 1!:30 + .02H 
The interaction of these radicals with any of the re-
active sites of the protein molecule is presumed to 
alter its in vivo behavior. 
---
· Another study on the alteration of serum albumin by 
iodination has been reported by Steinfeld, Paton, et. al. 
(1957). These investigators have studied three prepara-
tions of iodinated serum albumin which has been prepared 
by the method of McFarlane (1956) and the commercial 
method used by Abbott Laboratories, Chicago, Illinois. 
Some of the variables in the preparations studied were 
self-radiation, iodine-albumin molar ratio, and the use 
of iodine alone or of iodide-hypochlorite as the iodinating 
age~ts. The three preparations yielded comparable values 
foriblood volume and total changeable albumin. Prepara-
tions which have received self-radiation at a level of 
200,000 rep in a concentration of 10 mg./co. alter the 
rate at which the I 131 tag is lost from the protein. 
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This effect can be decreased by lowering the self-radia-
tion to 40,000 rep. These results agree with Yalow and 
Berson (1950) who have shown that 50,000 rep administered 
to a 0.2 mg./co albumin did alter the rapidity with which 
the Il3 1 tag was lost from the albumin. 
It may be concluded from this review that the validity 
of I 131-labeled protein as a tracer for the study of al-
bumin metabolism has not been unequivocally demonstrated. 
I 151-labeled protein apparently is handled by the body in 
a manner similar to that of native protein up to the proc-
ess of degradation. This departure of behavior from that 
of native protein upon degradation can be advantageous 
however, since the labeled products of degradation are not 
reincorporated but are excreted. 
The absolute values for protein turnover rates, dis-
tribution rates and distribution volumes of animals ob-
tained by use of I 131-labeled protein tracers would be 
suspect due to the more rapid disappearance rates of 
labeled protein as compared to that of native protein. 
This does not, however, preclude the use of Il31 -labeled 
protein tracers in which relative values are desired. 
This use of Il31 -labeled protein has proved very useful 
in ~he study of the mechanism of transfer of injected 
lab~led albumin into ascites fluid (Berson, Yalow et. al. 
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19S3) albumin-lymph exchange (Wasserman and Mayerson 
1952) and increased capillary permeability due to burns 
(Co.pe, Moore and Frances, 1944). When the investigator 
is cognizant o~ the limitations o~ iodinated proteins 
i 
and i~ proper precautions are taken with regard to prepa-
ratiion of the labeled isotope, organization of experiment 
an~ analysis of results, the use of iodinated proteins can 
greatly facilitate investigations into many physiological 
processes, e.g., protein metabolism, intercompartmental 
trans~er of proteins, and immuno-chemistry. 
B. Distribution of Plasma Proteins. 
The plasma concentration of an intravenously injected 
labeled protein has been consistently reported by biologi-. 
cal' investigators to ~allow a de~inite pattern with time. 
Initially, the concentration o~ labeled protein in the 
plasma ~alls relatively rapidly. This rapid disappear-
ance is then followed by a more prolonged phase with a 
slower disappearance rate. 
The initial rapid disappearance o~ labeled protein 
~rom the blood has been attributed to the di~fusion o~ 
the protein through vessel walls into the extravascular 
! 
spaces. This explanation is in accord with the concept 
of a dynamic equilibriUm Which exists between plasma pro-
' 
teins and extravascular tissue proteins. This relatively 
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new concept was first formally postulated by Madden and 
Whipple (1940) and later expanded (Whipple, 1942; Whipple 
and Madden, 1944). According to the concept, the synthe-
sis and catabolism of body proteins are in balance in a 
normal, healthy individual. A large pool of reserve pro-
tein exists in the liver cells and tissue cells as a 
"transitional" or stored form of protein, available for 
mobilization by the body in time of need (e.g. hemorrhage, 
starvation) to become converted into plasma protein or 
tissue protein. The exact nature of the reserve protein 
has been conjectural. The delay between the time of ex-
perimental plasma protein depletion and the reappearance 
of plasma proteins in the blood led some investigators 
(Madden and Whipple, 1940; Ebert, Stead, Warren and Watts, 
1942; Broch, 1951) to favor the concept of a precursor 
form of stored protein. However, more recent studies of 
the; rapid disappearance of intravenously injected protein 
from the blood have shifted the weight of evidence toward 
support of the concept of a preformed protein reserve. 
Fine and Seligman (1943, 1944) have injected radio-bromine 
and radio-iodine labeled plasma proteins into dogs and 
have reported a rapid disappearance phase for the injected 
proteins. Fink et. al. (1944), using proteins labeled 
wit~ heavy nitrogen, have reported similar results in dogs. 
These investigators attributed the rapid fall of plasma 
protein concentration to diffusion into the extravascular 
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spe,ces. Gitlin and Janeway (1953) injected an excess o:f 
homologous antiserum into rabbits. A:fter allowing su:f-
:ficient time :for dif:fusion o:f the protein into the tissues 
to occur, they lowered the protein concentration o:f the 
plasma by plasmaphaeresis. The return of the injected 
protein :from the tissues into the plasma was :followed by 
means o:f precipitin titers. In all cases the extra-
vascular protein was restored to the circulation :from the 
extravascular protein pool, indicating that proteins o:f 
the intravascular and extravascular pools are probably 
ideptical, and that equilibrium occurs in both directions. 
Coons, Leduc and Kaplan (1951) and Gitlin, Landing, 
and Whipple (1953), using a :fluorescent antibody technique, 
have demonstrated the localization o:f injected homologous 
plasma proteins in cells, connective tissue, interstitial 
spaces, lymphatics and blood vessels o:f human subjects. 
They have concluded that a major portion of the reserve 
protein is identical with the plasma protein. Everett and 
Simmons (1957) have also studied the localization o:f in-
travenously injected labeled plasma albumin by radioauto-
graphic methods in the rat and reported the presence o:f 
labeled albumin in the connective tissue within one hour 
after injection. 
i 
The rapid disappearance phase has been re:ferred to as 
the 11 distribution phase 11 by Sterling {1951) and by 
. . 
Masourdis and Melcher (1951). These investigators-c 
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attribute the initial rapid disappearance or labeled pro-
tein to be due to either a diffusion into the extra-
vascular spaces or a pooling or the labeled protein in 
some tissue. However, Storaasli et. al, (1950) and 
Wasserman and Mayerson (1951) could account for the total 
radioactivity or the tissue on the basis or the blood and 
lymph. Therefore, they concluded that the tissue activity 
was a reflection or the vascularity and that selective up-
take or pooling was not a factor. The lack or concentra-
tion or activity in the thyroid gland indicated that the 
label remained attached to the protein. 
Positive evidence that the distribution phase is due 
to extravascular diffusion or the labeled protein has been 
presented also by Wasserman and Mayerson (1951) who showed 
that the decrease in plasma concentration or the labeled 
protein produces a concomitant rise in the lymph concentra-
tion or the same protein. Similar results have been re-
ported by Krieger et. al. (1950); Woods, Storey and Furth 
(1951); Dixon, Brukantz and Dammin (1951) and Benson, Kim 
and Bollman (1954, 1955). 
Since the concentration or labeled protein in the 
blood is high immediately after injection, the rate or 
diffusion into the extravascular albumin pool will be rela-
tively rapid. This rapid diffusion or the labeled pro-
tein continues at a declining rate as the concentration or 
labeled protein in the extravascular pool approaches that 
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o~ the intravascular pool. An equilibrium condition is 
approached in which the amount o~ protein di~fusing out 
o~ the intravascular pool is balanced by the amount o~ 
labeled protein returning ~rom the extravascular pool 
(Wasserman and Mayerson, 1951; Gitlin, 1957). At the 
point where this distribution equilibrium is reached, 
the plasma concentration of the labeled protein should 
remain constant, since the loss o~ labeled protein ~rom 
the plasma is balanced by return ~rom the extravascular 
spaces by lymph and di~~usion through vessel walls. 
However, the labeled protein continues to disappear ~rom 
the plasma although at a much slower rate. 
The slower disappearance phase which~ollows the 
more rapid distribution phase has been associated with 
the metabolic degradation o~ the injected labeled pro-
tein (Volwiler et. al., 1955; Armstrong et. al., 1955; 
McFarlane, 1956). Dixon, Brukantz and Dammin (1951) 
have examined the urine o~ animals injected with protein-
bound-r131 and have reported that the appearance o~ radi-
oactivity in the urine re~lects the rate o~ elimination 
o~ the labeled protein ~rom the blood during the slow 
phase. Latta (1951) and Berson and Yalow (1954) have 
alsq correlated the decline in plasma concentration o~ 
lab~led protein with urinary excretion of radioactivity 
and have reported that the radio-iodine released ~rom de-
graded protein is almost completely recoverable in the 
urine. 
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l. Homologous protein. 
The disappearance rate or injected homologous protein 
during the slow catabolic phase has been studied in several 
species by Dixon, Talmage, Maurer and Deichmiller (1952). 
Although the distribution phase or injected protein in the 
various species was not studied thoroughly, the authors 
speculated that the time required for the labeled protein 
to be completely distributed in the plasma and tissues 
varies directly with the size of the species. The dis-
appearance rate of homologous serum albumin and gamma 
globulin during the slow metabolic disappearance phase 
were consistently similar within any particular species. 
The.se disappearance rates vary widely from species to 
species, and could be correlated with the metabolic rate 
of the host. Weigle (1957) has re-examined this work and 
confirms the conclusion that the disappearance rate of 
injected homologous protein from the blood varied widely 
from species to species, but did not find any constant re-
lationship between the rates of elimination of homologous 
albumin and globulin in the various species. Numerous in-
vestigators have provided evidence to support the concept 
of species variability in disappearance rates. 
2. Heterologous protein. 
, When heterologous protein is injected intravenously 
into an experimental animal, a third immune or latent phase 
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of disappearance is observed which is characterized by a 
sharp increase in the plasma disappearance rate of the 
injected protein and a build up of circulating antibodies 
(Knox and Endicott, 1950; Weigle and Dixon, 1958). This 
immune elimination phase in rabbits occurs approximately 
eight days after injection into non-sensitized rabbits. 
In rabbits which previously had been sensitized to the 
particular heterologous protein, the immune elimination 
phase begins immediately after injection (Dixon and 
' Talmage, 1951; Dixon, Burkantz, and Dammin, 1951). 
Various investigators have reported that the plasma 
disappearance curves for heterologous and homologous pro-
teins are similar during the distribution and non-sensi-
tized phases. Wasserman and Mayerson (1951) report simi-
lar disappearance curves for bovine and canine iodinated 
serum albumin in dogs. Dixon, Burkantz and Dammin (1951) 
report identical disappearance curves for rabbit and 
bovine gamma globulin in the rabbit. Similar results 
have been reported for iodinated human and rabbit serum 
albumin in the rabbit by Gitlin et. al. (1951). However, 
Wish, Furth, Sheppard and Storey (1952) have reported that 
heterologous serum albumin has a faster disappearance rate 
than homologous serum albumin in rabbits. This observa-
tion has been confirmed by subsequent studies on the elim-
ination of heterologous proteins from the plasma (Weigle, 
1957; Dixon and Weigle, 1957; Weigle and Dixon, 1957; 
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Weigle and Dixon, 1958). These investigators report that 
the rates at which heterologous serum proteins are elimi-
nated from the blood of various species prior to the immune 
phase may differ greatly from the rates of elimination of 
homologous serum proteins. While elimination of homolo-
gou~ albumins appear to be related primarily to the meta-
bolic rate of the host, the elimination of heterologous 
proteins reflect in addition the physiologic and metabolic 
suitability of the host. 
3. Theoretical considerations. 
When plasma specific activity data are plotted semi-
logarithmically as ordinate values against time as the 
abscissae, the fractional rate of disappearance of labeled 
protein during the slow metabolic phase is a constant, i.e. 
the decline in concentration is logarithmic with time. 
The general equation which describes this exponential 
elimination has been given by Solomon (1949); Sterling 





A = A -Kt 
oe 
= Il3l tagged albumin at any time 
= Il3l tagged albumin at t = 0 
= time 
= turnover rate as fraction of 
albumin turned over per day ex-
pressed as percent 
The distribution phase of the plasma disappearance curve 
also consists of several exponential portions (Goldsworthy 
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and Volwiler, 1957). The labeled protein mixes immedi-
ate'ly after injection with the intravascular protein 
(Armstrong et. al. 1955; Cohen et. al. 1956; McFarlane, 
1956). This intravascular mixing is completed within 
ten minutes. The labeled protein then equilibrates 
with the rapidly exchanging lymph protein (Cohen et. al. 
1956; McFarlane, 1956; Abdou and Tarver, 1951) and With 
the' less rapidly equilibrating protein of the inter-
stitial spaces (Armstrong et. al. 1955; Cohen et. al. 
1956; Abdou and Tarver 1951; Benson et. al. 1955; 
Masourdis and Melcher 1951). The complete plasma dis-
appearance curve is therefore the sum of several ex-
ponential processes, i.e. the rapid distribution phases 
and slow metabolic phase. Since the sum of several ex-
ponential processes cannot itself be an exponential 
function, various investigators have analyzed the dis-
appearance curve into its exponential components graphi-
cally, as shown in Figure 1 (Siri, 1949; Sapherstein, 
1955; Matthews, 1957; Goldsworthy and Volwiler, 1957). 
This is accomplished by subtracting the extrapolated 
values (broken line) of the specific activity for the 
slowest rate process (I) of the top curve from the 
act~al values (curved portion of top curve) yielding 


















' '• X o ......._ • 
. . . 
\ 
..,'o • • ....... 
~- ~0' .• ·-· ---~ ....... 
. . 
- . ·~ (..' .. · .. 
:·~ ~-. . 
x\ ·. --:;~o~:o ~ ~ ~•---..__ •- I 
. 'o '·~ "!. 0 JI . . • 
' . ~ Jli o, 
.. _ •. ,'.. o, 
.... ' •• . 0 
10 20 30 40 50 El o .. 







> • • '.·_ ,~ •• d w;-'.·, • ;~·-.',.-; Graphic Analysis Curve (i'rom· • •.,. _..,. ·· ·· 
·, l:<'igure 1 u_~ldsworthy and Volw:i,ler, 1957). 
-... ;o,: i "~- '~ ~ '$ 
Curve II which represents an intermediate rate process. 
Repetition of this process of 11 tail subtraction11 for 
Curve II yields Curve III. The resulting two derived 
curves indicate that the non-metabolic disappearance of 
the plasma protein label from the circulatlng plasma 
is du.e to a minimum of two processes, II and III, 
(Goldsworthy and Volwiler, 1957). Each of these proc-
esses probably represents rates of protein equilibra-
!tion with different extravascular protein pools. The 
:slope of the straight line exponential represents the 
irate constant of transfer from one body compartment to 
another, i.e., the fraction of protein in one body com-
' 
partment which enters another in unit time (Stanbury and 
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Brownell, 1954). In general, two rate constants are 
defined between any two compartments representing trans-
fer of material in two directions. The magnitude of the 
equilibrating compartment may be calculated from the 
zero time intercept of the extrapolated straight line. 
Sterling (1951), using homologous iodinated serum 
albumin, has reported on a study of the turnover rate and 
distribution of the exchangeable albumin pool in human 
patients. Extrapolation of the metabolic exponential 
portion of the disappearance curve to the activity ordi-
nate (t = 0) gives an estimate of the total exchangeable 
albumin pool. However, the results of a similar study 
by Margen and Tarver (1956), using a similar procedure, 
differ significantly from the result reported by Sterling 
(1951). Sterling reports the extravascular compartment 
to comprise 59% of the total exchangeable albumin in the 
body while Margen and Tarver (1956) estimate the ex-
travascular albumin at about 82% of total exchangeable 
albumin. 
McFarlane (1957) has pointed out that both of these 
investigators have assumed a distribution equilibrium to 
exist during the exponential phase in Which a constant 
fraction of lymph plus plasma protein are broken down. 
Other investigators (Berson and Yalow, 1954; Solomon, 
1953; Matthews, 1957) have shown that an equality of the 
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specity activities of intravascular and extravascular 
protein pools, after complete distribution, can persist 
only if the metabolic breakdown of protein occurs in 
proportion to the mass of protein in each pool. If this 
breakdown occurs primarily in one pool, the specific 
activity will be lower in that compartment and will re-
sult in a net transfer of labeled proteins into that 
pool from the other. Replenishment of the more rapidly 
metabolizing pool will result in a slower disappearance 
rate for that pool. Extrapolation of this slower dis-
appearance rate to zero time will give a low specific 
activity intercept value. This low specific activity 
indicates a falsely high dilution of the isotope in the 
extravascular pool and. results in an overestimate of the 
extravascular pool size (Berson and Yalow, 1957). Evi-
dence has been presented indicating that the site of de-
gradation of iodinated albumin is in close proximity to 
the intravascular plasma or within the plasma itself. 
When urinary activities were expressed as fractions of 
plasma activities, constant values were obtained through-
out experiments in which labeled albumins were injected 
into rats (Campbell et. al., 1956) and humans (Berson 
and Yalow, 1954) demonstrating that a constant fraction 
of the plasma activity is excreted daily. The large 
extravascular protein pool reported by Margen and Tarver 
(1956) has been attributed to this re-entry of high 
' 
specific activity albumin from the lymph into the more 
rapidly catabolizing plasma pool (McFarlane, 1957). 
Berson and Yalow (1954, 1957) have minimized this type 
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of error by expressing the plasma concentration curve as 
a fraction of the injected dose retained in the body. 
On the assumption that all radioactivity released from 
the degraded protein is quantitatively accounted for by 
renal excretion, this curve reflects the changes in 
plasma concentration due solely to distribution. Using 
this type of corrected 11 distribution curve 11 , Berson, 
Yalow, Schreiber and Post (1953) obtained a value for 
the extravascular protein pool which was about 6r:t% of 
the total exchangeable protein pool. 
4. Equilibration. 
Although the distribution curve may consist of an 
unlimited number of exponential components, in most in-
s tai)ces three major exponential components can be ex-
tracted by conventional graphic analysis (Berson and 
Yalow, 1954; Robertson, 1957). If mechanical mixing of 
the injected labeled protein in the plasma is complete 
at time 11 t 11 , the form of the total distribution curve is 
then expressed by the general formula (Berson, Yalow, 
Schr,eiber and Post, 1953): 
where: P = Plasma concentration % retained in body 
and ::\b = rate constants determined 
by transfer of tagged albumin be-
tween plasma and two apparent 
extravascular compartments 
is calculated from the slope of 
the terminal straight line 
(metabolic) phase of the curve 
II a and ).b are obtained by successive 
11 tail subtractions" 
A, B and C = coefficients obtained 
from the vertical axis intercept 
of Kh~ regrRs~ion lines,t 
Ae- a , Be- b and ce-~c 
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"?. t The regression line ce- c corresponds to the metabolic 
phase of disappearance while Ae-oat and Be-Abt correspond 
to equilibration between the injected labeled protein and 
rapidly exchanging extravascular spaces (lymph) and slowly 
exchanging extravascular space (interstitial fluid) re-
spectively (Berson and Yalow 1957). 
Wasserman, Joseph and Mayerson (1956) have used a 
simpler model involving only two exponential phases in a 
study on the equilibration of intravascularly injected 
labeled protein. This model, similar to the system of 
Zilversmit and Shore (1952), assumes a two compartment 
i 
system complicated by a relatively slow metabolism. The 
model and equation for the disappearance curve are given 
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equal to rp/P + r 1/L which describes the rate at which 
the plasma albumin specific activity approaches equilibri-
um with extravascular albumin specific activity. When a 
mass equilibrium exists in the system, the amount of al-
bumin moving from the plasma to the extravascular compart-
ment per unit 
extravascular 
time (r ) is equal to p 
compartment (r1 ) into 
that moving from the 
the plasma. The 
fraction of the extravascular albumin mass (r1/L) moving 
into plasma must be larger than the fraction moving out 
of the plasma in any situation where the plasma albumin 
mass (P) is larger than the extravascular albumin mass 
(L). Therefore, the rate at which albumin specific ac-
tivities approach equilibrium, (r /P + r /L), changes if 
p 1 
the ratio of the plasma albumin mass (P) to extravascular 
albumin mass (L) is altered, When the P/L ratio is high 
the approach to equilibrium is rapid due to the high 
fractional rate of extravascular albumin return to the 
plasma. 
Wasserman et. al. (1956) have tested this concept in 
dogs experimentally by increasing the P/L ratio by intra-
vascular injection of albumin. When the P/L ratio of 
dogs was increased approximately four fold, the rate at 
i which equilibrium was reached was approximately four times 
more rapid than control values (Wasserman, Joseph and 
Mayerson, 1956), 
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Vlhen the extravascular albumin mass (L) is larger 
than the intravascular albumin mass (P), the P/L ratio 
is low and the approach to equilibrium will be slower 
due to a low fractional rate of extravascular albumin 
return to the plasma. Longer equilibrium times have 
been reported for patients with massive ascites, which 
would correspond to a large pool of extravascular prote-
in. McKee, Wilt et. al. (1950) have reported that the 
rate of equilibration of injected labeled protein is 
related to the protein content of the ascites and of the 
blood plasma as well as to the rate of transfer of the 
fluid and protein~ se. Longer equilibrium times for 
ascitic patients have also been reported by Berson, 
Yalow, Schrieber and Post (1953) and Gitlin, Janeway 
and Farr (1956). 
Freidman (1957) has used the kinetic concept of 
wasserman et. al. (1956) to study the rate of albumin 
leakage and extravascular albumin mass of various tissues 
of the mouse by determining the time required for the 
vascular-extravascular equilibration of intravenously 
injected radio-iodo-albumin. When the concentration of 
the labeled protein in the tissue was plotted as a per-
cent of the injected dose per gram of tissue as ordinate 
values against time as abscissae, the point of peak 
tissue radioactivity represents the time at which the 
combined radioactivity of the vascular and extravascular 
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compartments of a tissue are at a maximum and the equi-
librium point is reached. A high fractional rate of 
albumin leakage (r /P) is indicated by the steepness of 
p 
the slope of the distribution phase of the disappearance 
curve, while the intravascular-extravascular albumin 
ratio (P/L ratio) is indicated by the length of time re-
qui~ed to reach equilibrium. 
Dewey (1959) has quantitated the rates of vascular-
extravascular exchange of both homologous and heterologous 
plasma proteins in the tissues of the rat and has also re-
ported on the masses of vascular and extravascular plasma 
in the various tissues. The increase in the ratio of 
tissue radioactivity to plasma radioactivity in animals 
sacrificed subsequent to vascular mixing was assumed to 
represent migration of I 131 plasma protein into the extra-
vascular compartment. The initial slope of these ratios 
plotted against time was considered to represent the un-
corrected transfer rate. The masses of vascular and 
extravascular plasma were determined from the ratios of 
Il31 activity/gm. tissue to I 131 activity/gm. plasma ob-
tained at various intervals after injection of radio-
albumin. 
The transfer rates and mass of extravascular plasma 
differed from one tissue to another. The amount of extra-
vascular plasma in the various tissues did not correlate 
with the transfer rate. 
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IV. MATERIALS AND METHODS 
A. Animals. 
Male golden hamsters (Mesocricetus auratus) weighing 
between ninety and one hundred grams were used in all 
studies. The animals were obtained from the Golden 
Nugget Hamstery, Maynard, Massachusetts. The weight 
range corresponded to an age of approximately four to 
five months. In order to insure similarity of age and 
weight among the various experimental groups, the animals 
for each group were ordered as separate shipments. Upon 
arrival the animals were placed separately in clean wire 
cages and supplied tap water and Purina Lab Chow ad 
libitum. A period of two weeks was allowed to permit 
the animals to acclimatize to conditions in the labora-
tory. Three days prior to all experiments, the tap water 
in the drinking bottles was replaced with a solution of 
sodium iodide (100 mg./1.) in order to block thyroid up-
take of any radioactive iodide liberated from the protein 
by catabolism (McFarlane, 1956). One day prior to all 
experiments food was removed from cages to insure simi-
larity of intestinal activity in all animals on the test 
day. 
B. Iodinated Albumin. 
A commercial preparation of sterile, pyrogen-free 
radio-iodinated human serum albumin (RISA) was obtained 
from Abbott Laboratories, Chicago, Illinois. RISA is 
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prepared under mild conditions, with a large excess of 
albumin, and few if any protein molecules contain more 
than one atom of iodine. The large excess of albumin is 
added to prevent denaturation by self-irradiation. RISA 
contains from three to seven tenths millicuries of radio-
activity in approximately ten milligrams of albumin, per 
cubic centimeter. Free iodide is reduced to less than 
one percent during preparation. 
Fresh supplies of RISA were ordered for each experi-
ment and timed to arrive on the afternoon prior to the ex-
periment. All preparations used were stored at the recom-
mended temperature (20- 100 c.) prior to use. 
The iodinated albumin for injection was diluted in 
mammalian Ringer's solution buffered to pH 7.4, to which 
had been added approximately five milligrams of hamster 
plasma per milliliter. The hamster plasma was added to 
prevent adsorption of RISA to the surfaces of the glass-
ware (Reeve and Franks, 1956). A volume of RISA equiva-
lent to one hundred microcuries of radioactivity was 
brought to a volume of five milliliters with the buffered 
Ringer-plasma solution. The final volume contained twenty 
microcuries of radioactivity per milliliter. Double 
quantities of RISA injection solutions were prepared on 
the morning of injection. The duplicate injection solu-
tion was tested for the presence of free iodide by pre-
cipitation of protein with cold ten percent trichloracetic 
! acid. After centrifugation, the radioactivity of the 
42 
supernatant fluid and the precipitated protein were de-
termined separately. The activity of free iodide in the 
supernatant was less than three percent of the t"otal ac-
tivity of the injection solution in all experiments. 
C. Injection Procedure, 
The animals were lightly anesthetized with ether, 
and the hair on the upper chest and neck was removed with 
electric hair clippers. The animal was placed on its 
back on a frog board and the forelimbs of the hamster 
were maintained in an extended position with clips. The 
state of light anesthesia was maintained by means of an 
ether nose cone. The area over the left clavicle was 
disinfected with Zephiran chloride (1:1000) and a one 
centimeter incision was made laterally from the midline 
of the neck along a line parallel with, and slightly 
anterior to, the clavicle. Careful dissection of the 
underlying fascia exposed the large exterior jugular vein 
into which the injection was made, 
The injection dose for each animal in all experiments 
was one tenth milliliter containing approximately two 
microcuries of radioactivity. The injection was made by 
means of a Krogh-Keyes syringe-pipette fitted with a 
twenty-seven gauge needle. Using this syringe-pipette, 
it was possible to deliver the desired volume With less 
, than two percent error. Direct injection with the syringe-
pipette proved very cumbersome due to its length and 
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difficulty in controlling the plunger. Therefore, a five 
inch length of polyethylene tubing (PE-10) was fitted 
over the tip of the syringe needle. The tip of another 
twenty-seven gauge needle was removed from its base and 
inserted into the free end of the polyethylene tubing. 
This polyethylene injection tubing greatly facilitated 
the injection procedure since the syringe-pipette re-
mained on the bench alongside the animal and needle tip 
at the end of the flexible tubing was inserted into the 
vein. There was only a negligible amount of bleeding 
from the vein when the needle tip was removed slowly. 
Following the injection, the incision was closed with a 
metal wound-clip and the animal returned to its cage. 
The incision and injection required approximately three 
minutes. 
Duplicate aliquots of the injection dose were diluted 
into ten milliliter volumetric flasks and one milliliter 
portions were used to measure the activity of the in-
jection dose. 
D. , Freezing Technique. 
At the desired time after injection the animals were 
frozen in liquid nitrogen. This freezing procedure was 
used in order to produce a rapid stasis of the blood and 
permit dissection of the organs for assay without loss of 
blood. The animal was placed in a close fitting wire mesh 
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cylinder with as little excitement as possible. The 
animal in the wire cylinder was plunged tail first into 
a Dewar flask containing one liter of liquid nitrogen. 
The animal remained in the nitrogen for two minutes to 
insure complete freezing. Sufficient liquid nitrogen 
was added to replace that which boils off, and to keep 
the animal completely submerged. When freezing was com-
plete, the animal was removed from the wire cylinder, 
wrapped in aluminum foil to prevent dehydration, numbered 
for identification and stored in a freezer at -5° c. 
until dissection. 
E.' Preparation of Tissues for Analysis. 
A standard dissection procedure was followed on all 
animals in each of the experiments. This was accomplished 
as rapidly as possible using instruments cooled with solid 
carbon dioxide. Samples of frozen blood from the four 
chambers of the heart were taken in duplicate. Other organs 
taken for analysis were liver, lung, spleen, right and left 
adrenals, right kidney and a segment of the first third of 
the small intestine approximately three centimeters long. 
In all organs the adhering connective and adipose 
tissue were removed. The blood vessels supplying each 
organ were severed as closely as possible to the region 
of the hilum. The contents of the intestine were removed. 
The, frozen heart blood, spleen, adrenals, kidney and 
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intestine were placed in weighed, stoppered shell vials. 
The liver and lung were treated somewhat differently. 
The gall bladder and hepatic vein were removed from the 
liver which was then divided into four parts, each of 
which weighed approximately one gram. The lung was di-
vivided into two samples. Each of these separate samples 
was placed into an individual weighed stoppered shell 
vial. The vials containing the tissues were weighed on a 
Mettler balance and the weight of tissue determined by 
subtraction of the vial tare weight. 
F. Radioactive Assay. 
The equipment used for the assay of the tissue ac-
tivity was obtained from Baird Atomic, Inc., Cambridge, 
Massachusetts. It consisted of a cold cathode glow tube 
scaler (Model 131), a super stable high voltage power 
supply (Model 312), a non-overloading amplifier (Model 
215) and bench type lead shielded scintillation detector 
(Model 810). 
Since the counting rates of the various tissues 
ranged from very low in the adrenals to very high in the 
lung and liver, the counting times were adjusted so that 
the tissue with the lowest count rate had a counting ac-
curacy of three percent. The curves of Loevinger and 
Berman (Hine and Brownell, 1956) were used to determine 
the counting times required for the desired accuracy. 
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The activity of the one milliliter aliquots of the 
injection dose were counted with the blood and tissue 
samples for each animal in order to correct for the decay 
factor since the injection dose was the reference standard 
in the calculations. 
G. , X-ray Source. 
The x-ray source used in these experiments was custom-
built for small animal work. The unit consists of a water-
cooled Machlett x-ray tube (inherent filtration 0.5 mm. 
Al.) enclosed in a me tal cabinet (21" x 2111 x 4811) which 
is shielded with one quarter inch of lead. A movable 
horizontal panel beneath the tube permits adjustment of 
the tube subject distance. The interior of the cabinet 
is accessible through a radiation-shielded door in the side. 
The unit is operated from a separated control panel. 
The maximum dose output of this unit is one hundred 
and twenty-five roentgens per minute when operated at one 
hundred and fifty kilovolts, eight milliamps and a tube-
subject distance of ten inches with no added filtration. 
In order to provide uniform radiation flux over a wider 
field, the operating conditions of the x-ray unit for 
this study were as follows: one hundred and forty five 
kilovolts, six milliamps and a tube-subject distance of 
sixteen inches. The output of the unit under these con-
ditions was thirty-five roentgens per minute as deter-
mined with a Victoreen r-meter. 
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Two animals were irradiated at each exposure. They 
were placed into a square, thin-walled polystyrene re-
frigerator dish (5 11 x 5 11 x 5") which had been partitioned 
into two equally sized compartments. The dose rate for 
each exposure was checked with the Victoreen r-meter. 
H. Experimental Procedure. 
i 
Five groups of animals were used in the five separate 
experiments of this study. 
Group 1 Fifty animals were used in order to deter-
mine the optimum mixing time for the radioalbumin in the 
blood. Five animals were sacrificed by immersion in 
liquid nitrogen at intervals of 1, 2, 3, 5, 10, 20, 30, 
60, 90, 120 minutes after injection with radioalbumin. 
This experiment was extended for two hours in order to 
compare the early portion o:t' this disappearance curve 
with the experimental control curve (Group 3). 
Group 2 Since the freezing procedures used in these 
studies caused extensive hemolysis of the blood, it was 
not possible to separate the cells and plasma of the 
blood for hematocrit or plasma activity determinations. 
Therefore the values for hematocrit, trapped plasma, and 
specific gravity of whole blood and plasma were determined 
on whole blood of three groups of hamsters. Each group 
consisted of ten male hamsters in the same weight range 
(90-100 g.) as those of the other experimental groups. 
One group received no irradiation while the second and 
third groups received 600 r and 1200 ~ exposures of x-
irradiation seven days prior to the determinations •. 
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All animals in the three groups received an injec-
tion of RISA in the left jugular and ten minutes was 
allowed for mixing in the vascular system. The animals 
were stunned and approximately one cubic centimeter of 
blood was taken by cardiac puncture. The blood was trans-
ferred into a test tube in which one twentieth milliliter 
of two percent solution of oxalate mixture (twelve grams 
of· ammonium oxalate and eight grams of potassium oxalate 
to one liter) had previously been dried. 
Four hematocrit determinations were made on each 
blood sample using the micro-hematocrit method of McGovern, 
Jones and Steinberg (1955). Thebloodwas drawn into a 
heparinized glass capillary tube, seventy-five millimeters 
long and two millimeters in diameter. The end of the tube 
was sealed by pressing the tube vertically into a three 
millimeter thick slice of plasticene. The sealed tubes 
were then spun for five minutes in an International 
Hematocrit centrifuge (Model 490) at eleven thousand revo-
lutions per minute (relative centrifugal force - 12,800 
gravities). The percentage of red cells in the centrifuged 
columns of blood were read directly with International 
Micro- capillary reader. 
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After hematocrit determinations were made, the 
capillary tube was broken at the interface of the plasma 
and packed red cells. The amount of residual activity 
in the packed red cells was determined and expressed as 
a percent of the to tal activity of the red cells and 
plasma. 
The specific gravities of whole blood and plasma 
were determined by the method of Phillips et. al. (1950) 
using standard solutions of copper sulfate. These de-
termina tiona were made by using a drop of blood or plasma 
as a hydrometer in a series of standard copper sulfate 
solutions of known specific gravities. 
Group 3 Fifty-four hamsters were used in this study 
to establish non-irradiated control values for equilibra-
tion times of the total plasma and selected tissues, dis-
, appearance rates of labeled protein, and masses of vascular 
' and extravascular albumin in the selected tissues. SiX 
animals were sacrificed at each of the following post-in-
jection intervals: 10, 20, 30, 60, 120, 240, 300, 360 and 
480 minutes. 
Groups 4 and 5 These studies were identical with 
Group 3 with the exception that Group 4 had received an 
exposure of 600 r seven days prior to injection of radio-
albumin and Group 5 had received an exposure of 1200 r 
seven days previous. 
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I. Calculations. 
The various values used in this report were calcu-
late.d as f'ollows: 
1. cpm injected = cpm of' injection dose aliquot 
X 100 
2. cpm/gm. tissue = cpm of' tissue sample 
weight of' tissue 
3. % injected dose/gm. tissue = ~c~~~~~~~ 
In order to determine cpm/gm. plasma, it was f'irst 
necessary to calculate the mass of' plasma in the hemolyzed 
blood sample. 
gm. plasma = (gm. blood) x (1-Hct) (sp. gr. plasma) 
sp. gr. whole blood 
cpm/gm. plasma = cpm/gm. blood 
gm. plasma 
The mean values f'or intravascular and extravascular 
· plasma mass were compared f'or dif'f'erences on the ninety-f'ive 






,Determination of Optimum Mixing Curve. 
In order to determine the radioalbumin concentra-
'tion of the whole animal as well as those of the various 
'tissues, it is necessary to estimate the dilution of a 
known concentration of injected radio-iodinated albumin 
in the blood of the total animal as well as in the various 
tissues. Iodinated albumin, however, begins to diffuse 
,into the extravascular spaces immediately after injection. 
It is necessary, therefore, to select an optimal time at 
which the injected albumin has completely mixed in the 
]Jlood but 
! 
has not yet diffused into the extravascular 
f3paces in any appreciable quantity. If sampling is 
I 
postponed much too long after injection, the loss of 
iodinated albumin into the extravascular space will be 
interpreted as a high dilution of the isotope in the 
blood and consequently give a falsely high value for 
plasma concentration. Blood samples taken too soon after 
injection will give variable results due to incomplete 
mixing of the iodinated albumin in the blood. 
I 
Because iodinated albumin begins to diffuse into 
the extravascular space immediately after injection, the 
talues for intravascular plasma concentration were cal-
culated by extrapolating the plasma disappearance curve 
I : to zero time. Therefore, it was necessary to determine 
' the interval required for the plasma disappearance curve 
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to assume a uniform slope in order to avoid inaccuracies 
in the early portion of the curve due to improper mixing. 
The results of the study to determine the optimal 
intravascular mixing time are presented in Figure 3. 
After the iodinated albumin was injected into the left 
jugular vein, the blood concentration (plotted as counts 
per minute per gram of blood) exhibited a periodic rise 
and fall during the first five minutes. During the next 
five minutes the specific activity of the blood attained 
a more stable value and began the steady decline which 
is associated with extravascular diffusion. A ten minute 
period was allowed for the mixing of the injected labeled 
protein in the blood. 
It has been demonstrated that alterations of serum 
albumin in the processes of separation, iodination and 
handling prior to its administration will affect the rate 
of disappearance of the I 131 labeled protein from the 
blood. (Effect of iodination on protein metabolism P• 
l5). 
In order to study the reproducibility of the commer-
cial preparation of radio-iodinated human serum (RISA), 
the two hour disappearance curves of two separate ship-
ments of RISA were studied in two groups of 24 non-ir-
radiated hamsters of equal weight (80-90 grams). A ten 
minute mixing period was allowed before the animals were 
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shipments at various time intervals after injection. 
The results of this study are presented in Figure 4. 
The intravascular concentration of RISA is plotted as 
percent of injected dose per gram of blood against time. 
The best fitting line for the experimental data was plotted 
by least squares method for the time interval 10 to 60 
minutes. At ten minutes, curves A and B have intravascular 
concentrations of RISA which agree quite well. The value 
for curve A is 27.3 +- 0.542 and for curve B 25.1:!:. 0.472 
percent of injected dose per gram of blood. The calculated 
slopes for curves A and B during the 10 to 60 minute in-
terval are -0.133 and -0.120 respectively, indicating that 
in both groups of animals the RISA concentration of the 
blood decreased at approximately the same rate. 
B,. Whole Blood Values for Control and Irradiated Animals. 
The Jrean value and standard deviations for hematocrit 
and trapped plasma of unfrozen blood in non-irradiated 
hamsters and hamsters irradiated at 600 r and 1200 r are 
presented in Table 1. These mean values were applied to 
the calculation of the albumin masses of the frozen, 
hemolyzed blood of the non-irradiated and irradiated 
groups. 
The value for hematocrit in the non-irradiated con-
trol group was 45.4% with a standard deviation of:!: 2.58. 
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deviation values for the 600 r and 1200 r group are 
34.2% ± 2.55 and 32.~ ~ 3.99 respectively. A twofold 
increase in exposure dose further decreased the mean 
hematocrit value by only 1.4% which is not significant. 
These values compare reasonably well with those 
reported by Fulton et. al. (1954) for non-irradiated 
and irradiated hamsters. The mean hematocrit value for 
non-irradiated hamsters reported by Fulton ~· al. was 
44%, and the seven day post-irradiation values for 600 r 
and 1200 r exposures were 4o% and 32% respectively. 
The control value for specific gravity of whole 
blood was 1.061. The decrease in specific gravity with 
increasing exposure to ionizing radiation reflects the 
decrease in circulating red blood cells. The specific 
gravity value for non-irradiated hamster blood is higher 
than the value of 1.056 reported for rat blood by 
Everett et. al. (1956). The specific gravity of plasma 
was not changed significantly in the irradiated groups. 
q. Vascular-Extravas.cular Equilibration Curves. 
The decrease in the plasma concentration of the 
I 131-labeled albumin in the control, 600 r and 1200 r 
irradiated groups are presented in Figure 5. The concen-
tration of radioalbumin in the intravascular plasma is 
plotted as percentage of injected dose per gram of blood 
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The vascular concentration of radioalbumin decreases 
initially at a rapid rate which is considered to represent 
vascular-extravascular mixing. This rapid disappearance 
phase is followed by a slower phase representing metabolism 
of protein. The point at which the slope of the dis-
appearance curve changes represents the completion of 
vascular-extravascular equilibration of the radioalbumin. 
Best fitting curves for the rapid phase were calcu-
lated by the method of least squares for plotted points in 
the time interval of 10 to 60 minutes which appeared to be 
linear and for linear points in the time interval of 4 to 
8 hours for the slow phase. The intercepts of the extra-
polated slopes indicated the approximate times requ.ired 
for the completion of vascular equilibrium. 
The intravascular radioalbumin concentration is ob-
tained by extrapolation of the slope of the rapid dis-
appearance phase to time = 0. This value corrects for the 
amount of radioactivity lost from the intravascular plasma 
during the ten minute mixing period. 
Extrapolation of the slow disappearance to zero time 
gives the value for total circulating plasma volume (i.e. 
intravascular plus extravascular plasma volume) corrected 
for the amount of radioactivity lost through metabolic 
processes during the time interval required for intra-
extravascular equilibration of the injected radioalbumin, 
The concentration of radioactivity in the various 
tissues of non-irradiated hamsters is presented in 
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Figure 6, for the 600 r irradiated group in Figure 7, and 
for the 1200 r irradiated group in Figure 8. Curve analy-
sis for these groups is the same as that described for the 
plasma curves in Figure 5. 
With the exception of the intestine, the tissues of 
all three experimental groups exhibit a gradual decrease 
in radioactivity from the high initial value. The intesti-
nal tissue on the other hand shows a rapid rise in activity 
for approximately 30 to 60 minutes before it begins to 
decline. 
D.: Equilibration Times. 
The times required for the vascular-extravascular 
equilibration to occur in the plasma and various selected 
tissues of the three experimental groups are summarized in 
Table 2. 
Non-irrad. 600 r 1200 r 
Plasma 120 75 95 
Adrenal 95 110 110 
SEleen 125 85 135 
Kidneil 150 100 65 
Intestine 30 60 60 
Liver 70 85 90 
Lung 140 110 100 
Table 2 
Equilibrium times (minutes) for plasma and tissues 
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The data of Table 2 illustrate that the equilibra-
tion times for the various tissues differ considerably. 
In the non-irradiated group, it requires from 2 to 3 
hours to attain vascular-extravascular equilibrium for 
the blood plasma, spleen, kidney and lung, while values 
for adrenal, liver and intestine show shorter equilibrium 
times of. 95, 70 and 30 minutes respectively. 
Exposure of the animals to varying irradiation did 
not produce uniformly consistent effects on equilibrium 
times of the various tissues. 
Radiation exposure increased the equilibrium times 
in the adrenal, intestine and liver and decreased those 
of the lung, kidney and blood plasma. In addition, the 
effects produced, and the equilibrium times did not 
appear to be a quantitative function of the exposure in 
all tissues. A 600 r exposure reduced the equilibrium 
time of the spleen from a control value of 125 minutes 
to 85 minutes, while an exposure of 1200 r increased the 
spleen equilibrium time to 135 minutes. In the lung, in-
testine, adrenal, liver and blood plasma, the differences 
in equilibrium times between the 600 r and 1200 r irradi-
ated groups are not considered significant. 
E. Disappearance Constants. 
The slopes of the disappearance curves of Figures 5, 
6, 7, and 8, which represent the fractional disappearance 
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per minute of radioalbumin from the plasma in the rapid 
and slow phases, are presented in Table 3. Values for 
the rapid phase have been designated K1 and those for the 
slow phase have been designated K2 • These values repre-
sent the mean disappearance constants of the radioalbumin 
from the blood into the tissue extravascular spaces. 
The disappearance constants are not the same as the 
intravascular-extravascular transfer rates reported by 
Dewey (1959). The transfer rates as reported by Dewey 
were calculated from the slopes of the initial linear 
portion of the curves representing the accumulation of 
rl3l activity in the tissue extravascular spaces. These 
slopes however also reflect the decreasing concentration 
of rl31 albumin in the blood. Therefore, the slope of 
this accumulation curve must be corrected to a rate which 
represents the accumulation of extravascular radioactivity 
in the tissue when plasma radioactivity remains constant. 
Dewey has corrected these slopes to transfer rates 
by the equation: 
P = xl 
5:1f(t)dt 
= corrected transfer rate 
= percentage dose per gram tissue in the 
extravascular compartment at time t 1 
= area under curve of percentage dose 
per gram plasma plotted from zero 
time to time t 1 
TABLE 3 
Kl * K2 
. . 
N_o_n-irrad. . .. 600 r ·· - 1200 r · ·· Non,;,irra<f. · · 600 r 
-~~·--
Total -0.00389 -0.00849 
~~ -' 
-0.00458 -0.000576 -0.000656 
Plasma 
Adrenal -0.00601 -0.00541 ~0.00732 -0.000302 -0.000235 
Spleen -0.00271 -0.00455 -0.00279 -0.000396 -0.000534 
Kidney -0.00189 -0.00302 -0.00569 -0.000916 -0.001031 
Intestine -t 0.00903 + 0.01126 +0.01499 -0.001338 -0.001497 
Liver -0.00582 -0.00555 -0.00438 -0.001096 -0.001031 
Lung -0.00295 -0.00182 -0.00290 -0.000285 -0.000567 
Exponential constants for disappearance of radio-albumin 
from the plasma in rapid and slow phases 












The values presented in Table 3 for disappearance 
constants do reflect the accumulation of radioalbumin in 
the extravascular tissue spaces, however. From the values 
used to plot Figures 5, 6, 7 and 8, the ratio of rl31 
activity per gram tissue to rl31 activity per gram plasma 
can be calculated. When extrapolated to zero time, this 
ratio gives a mean value for intravascular plasma. At 
times subsequent to injection, this ratio represents total 
plasma, intravascular and extravascular, in the tissues. 
The increase in the extravascular accumulation of radio-
albumin can be plotted from values obtained by subtracting 
the intravascular radioactivity ratio (t = 0) from the 
total radioactivity ratio (t = n). The K values are 
plotted over fairly wide time intervals in the two phases 
and therefore should be considered as mean disappearance 
rates rather than absolute transfer rates since they 
assume a uniform approach to equilibrium. 
In order to facilitate comparison of the disappear-
ance constants of the irradiated and non-irradiated 
groups, the K values in Table 3 were recalculated in 
Tables 4 and 5. 
The values in Table 4 represent the ratio of the 
tissue K value to the plasma K value for tbe rapid and 
slow phases of the irradiated and non-irradiated groups. 
Since the plasma K values represent the mean disappear-
ance of radioalbumin from the blood into all tissues of 
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the body, a ratio greater than 1.0 indicates that the 
particular tissue has a faster rate of extravascular rl31 
accumulation than the body as a whole. A value less than 
1.0 indicates that the extravascular accumulation is 
slower. 
The values in Table 5 represent the ratio of dis-
appearance constants for tissues of the 600 r and 1200 r 
group w the tissue disappearance constants of the non-
irradiated group. The resulting ratio expresses the 
tissue disappearance constants of the irradiated groups 
as fractions of the non-irradiated tissue disappearance 
constants. 
The values presented in Tables 3 and 4 demonstrate 
that the rate of vascular-extravascular equilibration of 
injected radioalbumin exhibits considerable variability 
in the various tissues throughout the body. During the 
rapid equilibration phase of the non-irradiated group, 
the accumulation of extravascular activity is more rapid 
in the adrenal, intestine and liver than in the body as a 
whole and is slower in the spleen, kidney and lung. 
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Rapid Phase Slow Phase 
Non- Non-
irrad. 600 r 1200 r irrad. 600 r 1200 r 
Total 
Plasma 1 1 1 1 1 1 
Adrenal 1.55 0.64 1.60 0.52 0.36 0.91 
Spleen 0.69 0.54 0.61 0.69 0.81 1.04 
Kidney 0.48 0.36 1.24 1.59 1.57 1.05 
Intestine 2.32 1.32 3.27 2.36 2.29 1.91 
Liver 1.49 0.66 0.96 1.90 1.57 1.12 
Lung 0.76 0.21 0.63 0.49 0.86 0.75 
Table 4 
Disappearance constants expressed as ratio of tissue dis-
appearance constant to plasma disappearance constant 
During the slow elimination phase of the non-irradi-
ated group, disappearance rates in the tissues continued 
to show individual variability. The tissue disappearance 
rates relative to the plasma disappearance rates during 
the slow phase remained qualitatively the same as during 
the rapid phase with the exception of the adrenal and 
kidney. The adrenal disappearance rate which was one and 
one half times the plasma rate during the rapid phase was 
only one half as rapid during the slow phase. The adrenal 
disappearance rate in the rapid phase was only one half 
that of the total body and in the slow phase increased to 











irrad. 600 r 1200 r 
1 2.18 1.18 
1 0.91 1.12 
1 1.68 
1 1.60 3.05 
1 1.25 1.66 
1 0.96 0.75 





irrad. 600 r 1200 r 
1 1.14 1.73 
1 0.78 2.98 
1 1.35 2.60 
1 1.12 1.12 
1 1.12 1.41 
1 0.94 0.98 
1 1.99 2.62 
Disappearance constants expressed as ratio of irradiated 
tissue disappearance constant to non-irradiated tissue 
disappearance constant 1 
Ionizing radiation did not produce an effect on the 
disappearance rates which could be consistently correlated 
with either the particular tissue or the exposure. 
With 600 r, the total plasma disappearance rate during 
the rapid phase was twice the non-irradiated rate (Table 5). 
The disappearance rates in all tissues were the same or 
faster than the non-irradiated tissue rates with the ex-
caption of lung, which showed a decreased disappearance 
rate. The tissue disappearance rates relative to total 
plasma disappearance rate (Table 4) of the 600 r group were 
lower than those for the non-irradiated group. 
' 
With 1200 r, the total plasma disappearance rate 
during the rapid phase was only slightly increased over 
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the non-irradiated rate. The individual tissue dis-
appearance rates were the same or faster than non-irradi-
ated tissue rates with the exception of the liver which 
was significantly decreased. The tissue disappearance 
rates relative to the plasma rate (Table 4) were faster 
in the intestine and kidney and slower in the liver and 
the lung. 
During the slow disappearance phase, all tissues 
with the exception of the 600 r adrenal exhibited a faster 
disappearance rate than the non-irradiated tissues (Table 
5). Significant increases were correlated with dose in 
the total plasma, 1200 r adrenal, spleen, intestine and 
lung. The tissue disappearance rates relative to plasma 
rates (Table 4) did not exhibit any consistent correla-
tion between tissue disappearance rate and exposure with 
the exception of spleen which has an increased rate With 
increased exposure and liver which has a decreased rate. 
F. vascular-Extravascular Plasma Masses. 
In order to evaluate the relative amounts of rl31 
activity in the vascular and extravascular compartments 
of the various groups, it is necessary to distinguish 
between the amount of activity in the vascular compartment 
and that in the total tissue after equilibrium has been 
attained. 
The relative amounts of radio-albumin in the two com-
partments can be calculated as the ratio of extravascular 
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cpm/gm. tissue to cpm/gm. plasma. Extravascular cpm/gm. 
tissue can be determined by subtracting the ratio of rl3l 
activity/gm. tissue to r 13 1 activity/gm. plasma at zero 
time from the same ratio obtained after equilibration. 
The ratio of rl31 activity/gm. tissue to rl3l ac-
tivity/gm. plasma expresses intravascular plasma in units 
of gm. plasma/gm. tissue. The zero time value is deter-
mined by extrapolation of the ratios obtained at various 
time intervals after injection to zero. This extrapola-
tion corrects for the amount of plasma lost from the 
va~cular compartment during the ten minute mixing period. 
The slope of the extrapolation curve determines the magni-
tude of the error between the ten minute value for gm. 
plasma/gm. tissue and the value obtained by extrapolation 
to zero time. The greater the slope of the curve, the 
greater will be the deviation of the extrapolated value 
from the ten minute post injection value. For the intra-
vascular plasma determination, the extrapolation is made 
over a short time interval and consequently any error is 
minimized. 
The determination of extravascular radio-albumin pre-
sents certain additional complications, however. It has 
been reported by Berson and Yalow (1957) and McFarlane 
! 
(1~57) that the site of protein catabolism is in the 
rapidly equilibrating vascular compartment. The decrease 
of rl31 activity in the extravascular compartment will 
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there~ore be slower than the decrease in the vascular 
compartment. Since the extravascular radio-albumin is 
calculated as a ratio to a more rapidly decreasing value 
~or intravascular radio-albumin, the ratio o~ extra-
vascular cpm/gm. tissue to cpm/gm. plasma must be cor-
rected ~or the condition o~ constant plasma radioactivity. 
The tissue radioactivity ratios ~or the majority o~ 
the tissues o~ the rat have been evaluated by Dewey (1959) 
, ~or the condition o~ constant plasma radioactivity. The 
'corrections ~or plasma protein catabolism were less than 
,~our percent ~or all tissues examined except ~or ~at, 
'stomach, muscle and skin. 
In Table 6 the values ~or intravascular plasma mass 
and extravascular plasma mass o~ the irradiated and non-
',irradiated groups are presented. The assumption was made 
that the error in the extravascular ratios did not exceed 
that reported by Dewey (1959) and there~ore the extra-
vascular values are uncorrected. 
The intravascular plasma masses o~ the non-irradiated 
group show wide variability between the various tissues 
Vjhich re~lects the relative vascularity o~ the tissue. 
With the exception o~ the intestine and adrenal, the various 
t'.issues o~ the irradiated groups show a ~airly constant 
I intravascular plasma mass. The adrenal shows a signi~icant 
I 
ihcrease in intravascular plasma mass which is correlated 
with irradiation dose. The intestinal intravascular plasma 
TABLE 6 




IV EV P/L IV EV p/L IV EV P/L 
Adrenal ,2956 .0826 3.58 .3449 .0332 10.67 .4092 ,0235 17.43 
Spleen .1841 .0464 3,99 ,2142 .0443 4.83 .2199 .0142 15.45 
Intestine .1247 .0309 4.05 .0676 .1472 0.459 .1010 .1121 .900 
Kidney .2264 .0897 2.53 .2235 .1738 1.28 .2525 .0225 11.23 
Lung ,6326 .1083 5.84 ,6297 .3919 1.61 ,6614 .1499 4.42 
Liver .2778 .0502 5.53 .3093 .1041 2.97 .3292 .0227 14.48 
Intravascular albumin mass (IV) and extravascular albumin mass (EV) expressed as 
gm.plasma/gm.tissue for non-irradiated, 600 r and 1200 r irradiated groups. P/L 
value equals ratio of intravascular albumin mass to extravascular albumin mass 
-:) 
-:) 
mass is decreased in the irradiated groups but the de-
crease is not correlated quantitatively with x-ray ex-
posure, since 600 r causes a greater decrease than 
1200 r. 
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Exposure of the animals to ionizing radiation pro-
duces very significant changes on the extravascular 
plasma mass. In order to facilitate visualization of 
these effects, the ratio of intravascular plasma mass 
to extravascular plasma mass has been calculated and 
designated P/L. The P/L value is an expression of the 
amount of vascular plasma relative to extravascular 
plasma. A P/L value greater than one indicates that the 
intravascular plasma mass is greater than the extra-
vascular plasma mass. 
In the 600 r irradiated group, the P/L value for 
intestine, kidney, lung and liver have decreased indi-
cating an increased extravascular plasma mass. The spleen 
showed a slightly decreased extravascular plasma mass, 
while that of the adrenal was greatly reduced. 
In the 1200 r irradiated group, the extravascular 
plasma mass of all the tissues examined with the excep-
tion of intestine were drastically reduced. The extra-
vascular plasma mass of the 1200 r irradiated intestine 
showed a significant increase in extravascular plasma 
mass in comparison to the non-irradiated group. 
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VI. DISCUSSION 
Numerous reports in the literature have ~ully sub-
stantiated the concept that most capillaries throughout the 
body leak protein into the tissue spaces, and that the rate 
varies ~rom organ to organ (Everett and Simmons, 1958; 
Friedman, 1957; and Dewey, 1959). Pappenheimer (1953) has 
discussed the idea that capillary walls in di~~erent tissues 
vary widely in their resistance to the passage o~ plasma 
components. Caster, Simmons and Armstrong (1955) have re-
ported that the trans~er o~ Evans blue dye, which binds to 
p~asma components, begins immediately a~ter injection and 
proceeds at di~~erent rates in the various tissues. 
The results ~or non-irradiated animals in the present 
study are qualitatively consistent with previous reports in 
that the injected protein begins to leave the vascular 
system immediately a~ter injection at di~~erent rates in the 
various tissues (Tables 3 and 4). The masses o~ plasma pro-
tein in the extravascular compartments also di~~er ~rom one 
tissue to another (Table 6) as has been reported ~or the rat 
by Dewey (1959). 
The equilibration time determined ~or the hamster 
' (~-2! hours) is quite rapid as compared to 1! to 2 hours ~or 
' 
tJe mouse (Friedman, 1957), 20 hours in the guinea pig 
(~asourides and Melcher, 1951) and 6 to 8 hours ~or the dog 
(~asserman and Mayerson, 1951). Comparison o~ the results 
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optained for equilibration times in the literature is diffi-
cult, however, due to the great variety of proteins employed 
in the various studies and the differences in methods of 
protein iodination. The effect of these differences has 
pre-viously been discussed. (Effect of iodination on protein 
metabolism p. 15; Distribution of homologous and heterologous 
protein p. 27). 
I 
The vascular-extravascular equilibration times for radio-
albumin in the selected hamster tissues (Table 2) fall into 
a time interval which is more or less intermediate between 
the slightly shorter tissue equilibrium times reported for 
the mouse by Friedman (1957) and the slightly longer times 
reported by Dewey (1959) for the rat. 
The possibility exists however, that the rapid equili-
bration time determined for radio-iodinated human serum 
albumin is in part due to the fact that RISA in the hamster 
represents a foreign protein and may be distributed differ-
ently than a native protein. Due to the short experimental 
interval (8 hours) it is doubtful whether an immune reaction 
plays any role in the rapid disappearance of RISA from the 
blood. Knox and Endicott (1950) and Weigle and Dixon (1958) 
h~ve reported that the immune reaction to foreign protein in 
r]hbits requires eight days. 
If\ the distribution of the 
dlturbed in some fashion due to 
pretein;, the absolute values for 
injected radio-albumin was 
the foreign nature of the 
disappearance rate and P/L 
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ratio which were determined are probably higher than 
those which would be obtained if hamster rather than 
human serum albumin had been employed. Such a situa-
tion would not invalidate the relative results obtained 
by comparison of the disappearance rates and P/L ratios 
of the non-irradiated and irradiated groups since the 
standard of comparison for the irradiated groups is the 
behavior of radio-iodinated human albumin in the non-
irradiated group. 
A. Non-irradiated Controls. 
Any discussion of the equilibration of injected 
protein in the vascular and extravascular compartment 
requires that consideration be given, not only to the 
disappearance rate, but also to the relative amounts of 
albumin in the vascular and extravascular compartments, 
as well as to the time required for the equilibration to 
occur. 
According to the kinetic concept of Wasserman et. 
al. (1950), the rate at which equilibration of injected 
protein between the vascular and extravascular compart-
ments takes place is dependent upon the fractional rate 
of albumin leakage from the vascular compartment (rp/P) 
and the fractional rate of extravascular albumin return 
r 1/L). At mass equilibrium the amount of radio-albumin 
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leaving the vascular compartment (rp) equals the amount 
of radio-albumin returning (r1 ). Therefore the rate of 
equilibration is dependent upon the relative albumin 
masses in the vascular compartment (P) and the extra-
vascular compartment (L). If the ratio of P to Lis 
high, (i.e. small extravascular albumin mass) the frac-
tional rate of albumin return r 1/L ~hen rp = r 1 ) will 
be quite high and equilibration will be rapid. Conversely 
when the P/L ratio is low (i.e. large extravascular albu-
min mass) the approach to equilibrium will be slow due to 
the slow fractional rate of albumin return (r1/L). Equili-
bration of injected labeled protein therefore depends on 
(a) capillary permeability (rp/P), (b) albumin return to 
the plasma (r1/L) and (c) the relative size of the vascular-
extravascular albumin masses. 
The slow equilibration time of 140 minutes reported 
for lung in spite of the large volume of blood which flows 
through this organ indicates either a slow leakage rate 
or a high ratio of vascular to extravascular albumin mass. 
The experimental findings of this report demonstrate that 
radio-albumin disappears at a relatively slow rate in the 
lung and in addition, the P/L ratio is high, indicating a 
small extravascular albumin mass. Similar correlation 
between the disappearance rate and the P/L ratio has been 
demonstrated for the kidney. This interpretation is con-
sistent with reports in the literature that in the lung 
only three percent of the circulating protein leaves the 
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plasma per day (Yoffey and Courtice, 1956) while an even 
smaller amount is lost in the kidney (Sugarman et. al., 
1942; McMaster, 1937). 
The intestine exhibits a rapid equilibration time 
of 30 minutes and a high rate of albumin leakage which 
is consistent with the small extravascular albumin mass 
(P/L = 4.05) which has been determined for this organ. 
The liver also exhibits a rapid equilibration time 
(approximately 70 minutes), a relatively high rate of 
albumin leakage and high P/L ratio. The fractional rate 
of albumin return from the hepatic extravascular com-
partment (r1/L) therefore must be high. This conclusion 
is supported by the results of hepatic lymph studies in 
which the lymph albumin concentration has been reported 
to be approximately 82% of the plasma albumin concentra-
tion (Bollman et. al., 1948; Nix et. al., 1951; Field 
et. al., 1934) while the rate of lymph flow is about 
14.8 ml/br. (Nix et. al., 1951). Friedman (1957) and 
Dewey (1959) have interpreted this high concentration of 
lymph albumin and rapid rate of lymph flow as strongly 
indicative of a high rate of capillary leakage in the 
liver together with a relatively small extravascular 
albumin mass. 
The adrenal, which has a high P/L ratio, high dis-
appearance constant, also displays a short equilibrium 
time from which can be inferred that the extravascular 
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clearance rate is also high. 
Although it has been reported by Knisely (1936) 
that the splenic blood capillaries are very permeable 
to plasma proteins, the spleen exhibits a long equili-
bration time of approximately 125 minutes, despite a 
P/L ratio which is comparable to that of the adrenal. 
Friedman (1957) had reported a similar long equilibrium 
time for the mouse spleen and postulated that this is 
not due to a low P/L ratio, but to the absence of 
lymphatics in the red pulp of the spleen, so that fluid 
which leaves the capillaries must penetrate the splenic 
stroma before reaching the lymphatics in the capsule 
and trabeculae. The slow equilibrium time is therefore 
due to a slow fractional rate of extravascular albumin 
clearance in the spleen. 
B. 600 r and 1200 r Irradiated Animals. 
The effects of ionizing radiation on the vascular 
system have been studied extensively and many general 
inferences have been drawn with respect to the permea-
bility changes in blood vessels. There is general agree-
ment in the literature that ionizing radiation increases 
the fragility and permeability of blood vessels (McCutcheon 
1952). 
Graham (1943) has injected Trypan Blue into the ear 
vein of the guinea pig after a 30-40 minute irradiation 
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o~ the abdominal skin by means of a carbon arc. After 
~our hours, he observed that the jrradiated skin was 
more intensely colored than the non-irradiated skin and 
concluded that increased coloring was due to increased 
capillary permeability. Similar studies with roentgen-
ray exposure have been reported by Rigdon and Curl (1943) 
and Painter at. al. (1947). Woods at. al. (1951) have 
reported an increased lymph albumin concentration in 
x-rayed dogs and have concluded that this increase in-
dicated increased capillary permeability. Wish at. al. 
--
(1952) have reported an increased disappearance of radio-
albumin and Evans Blue ~rom the vascular system of ir-
radiated animals. They have interpreted ttese findings 
as indicative of an increased capillary permeability due 
to irradiation. 
On the basis of such reports it would seem logical 
to assume that the effects of roentgen irradiation on 
capillary permeability might be qualitatively evaluated 
by measuring the increased disappearance rate of in-
jected radio-albumin from the blood and the increased 
extravascular accumulation o~ the injected protein. 
Since x-irradiation has been reported to be a non-spe-
cific vascular damaging agent (Smith, Svihla and Patt, 
1951), the additional assumption could be made that the 
increase in vascular permeability produced by a 1200 r 
exposure would be greater than the increase produced by 
a 600 r exposure. 
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The plasma disappearance curves (Figure 5) immedia-
tely point out certain inconsistencies in this 11 logical 11 
assumption, however. These curves represent the sum 
total of the disappearance of radio-albumin from the 
intravascular compartment into all the tissue of the 
body. The radio-albumin disappearance rate in the 600 r 
group is twice as great as that of the non-irradiated 
group. The disappearance rate for the 1200 r group is 
only 1.18 times as fast as for the non-irradiated group. 
If the faster disappearance rates in both irradi-
ated groups are due to greater capillary permeability, 
the 600 r exposure apparently produces a greater in-
crease in permeability than the 1200 r expoSure. 
The times required for vascular-extravascular 
equilibration of radio-albumin (Table 2} are shorter 
in both irradiated groups than in the non-irradiated. 
However the 600 r equil:!bration time (75 minutes) is 
shorter than that of the 1200 r group (95 minutes). 
From kinetic considerations (Wasserman and Mayerson, 
1956) if the fractional leakage rate of albumin (rp/P) 
is increased, the equilibration time should be shorter. 
The equilibrium times of the irradiated groups show an 
approximate correlation with disappearance rate which 
also indicates that the permeability of the 600 r group 
is greater than that of the 1200 r group. 
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Another inconsistency in the assumption that dis-
appearance rate and extravascular accumulation of radio-
albumin reflect permeability changes is apparent in 
Tabla 6. The P/L ratios for the tissues in the 600 r 
group are generally low and indicate a large extra-
vascular albumin mass. The high P/L ratios for the 
tissues of the 1200 r group indicate a small extra-
vascular albumin mass. Assuming that the extravascular 
albumin mass determined for the selected tissues in both 
irradiated groups represents the condition in the whole 
body, the 600 r group will have a large extravascular 
albumin mass and the extravascular albumin mass of the 
1200 r group will be small. If the amount of albumin 
leaving the vascular sys tern per unit time (rp) and the 
amount of the extravascular albumin reentering the 
vascular system per unit time (r1 ) are considered to be 
unchanged in the irradiated groups, then the fractional 
rate of extravascular albumin return (r1/L) in the 600 r 
group should be small due to the greatly increased extra-
vascular albumin mass (L). The fractional rate of al-
bumin return for the 1200 r group should be large due 
to the decreased value for L. Since the rate of approach 
to equilibrium is equal to rp/P plus r 1/L, the 1200 r 
group, which has tte highest r 1/L value should have the 
shortest equilibration time. The experimental results do 
not support the theoretical prediction since the 600 r 
group equilibrates faster than the 1200 r group. 
The theoretical considerations of equilibrium 
kinetics as well as the experimental results (Tables 
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3 and 5) demonstrate that the rp values for the irradi-
ated groups can not be equal to the non-irradiated 
values. In order to explain the discrepancies in the 
equilibration times for the two irradiated groups, it 
is necessary to propose that the 600 r group has a high 
fractional rate of albumin leakage (rp/P) and return 
(rl/L). Such a proposal would account for the short 
equilibrium time of the 600 r group despite the high P/L 
ratio and is consistent with the experimentally de-
termined higher rate of albumin leakage (Table 3). The 
1200 r group would have a lowered fractional rate of 
albumin leakage and return than the 600 r group in order 
to explain the longer equilibration time. Again the 
lower rate of albumin disappearance (Table 3) for this 
group is in accord with such an explanation. 
The previous discussion demonstrates that the radio-
albumin disappearance rate alone does not provide suf-
ficient information to evaluate the effects of irradi-
ation on vascular permeability. The initial disappear-
ance rate, i.e. the rate of approach to equilibriuw, also 
reflects such factors as the relative masses of vascular 
and extravascular albumin return. Inclusion of these 
additional factors in a consideration of the 600 r and 
1200 r results lends additional support to the conclusion 
that permeability in the 600 r group is greater than that 
in the 1200 r group. 
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An increased exposure to ionizing radiation does 
not have the clearcut result of simply potentiating the 
effects produced by a lesser exposure. The results 
summarized in Tables 5 and 6 illustrate that the effects 
produced by the various irradiation doses on the vascular-
extravascular equilibration of injected radio-albumin 
may be quite different in the various tissues. 
The adrenals in both the 600 r and 1200 r groups 
have a higher P/L ratio than the non-irradiated group, 
and exhibit no significant change in disappearance rate. 
Contrary to what would be expected, the equilibration 
times for the irradiated groups are longer than that of 
the non-irradiated. Therefore the fractional rate of 
albumin return in the irradiated groups must be lower 
than in the non-irradiated. 
The intestine shows a greatly increased extra-
vascular plasma mass in the irradiated groups (low P/L) 
and a significant increase in disappearance rate in both 
the 600 rand 1200 r groups. The longer equilibrium 
times are in accord with what would be predicted from 
kinetic analysis. The higher fractional leakage rates 
which indicates increased permeability in the irradi-
ated groups and faster equilibrium times are overcome by 
the slow fractional rate of extravascular albumin return. 
The equilibrium time for liver is progressively in-
creased by higher radiation exposures. This is consistent 
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with the decreasing disappearance rates exhibited by 
the irradiated groups. The low P/L ratio of the 600 r 
group is still further in accord with a longer equili-
bration time. The 1200 r group has a very high P/L 
ratio which would indicate a longer equilibration time, 
however. In order to explain this incongruity it is 
necessary to presume that the fractional rates of al-
bumin leakage and albumin return in the 1200 r group 
are very slow and consequently a longer time is re-
quired for equilibration in spite of the high P/L ratio. 
The kidney equilibration times also show a pro-
gressive decrease in the irradiated groups. The high 
P/L ratio and increased disappearance rate in the 1200 r 
irradiated group supports the finding of a shorter 
equilibrium time. In the 600 r irradiated group however 
there is an increase in extravascular plasma mass (low 
P/L). This low P/L ratio and decreased equilibration 
time indicate a high fractional rate of albumin return. 
The equilibration times in the irradiated lungs 
also show a progressive decrease with increased radia-
tion exposure. This shorter equilibration time in the 
I 1200 r group is consistent with the faster disappear-
ance rate and higher P/L ratio in this group. Since the 
decreased P/L ratio and decreased disappearance rate in 
the 600 r group would indicate a longer equilibrium time 
rather than the shorter time actually determined, the 
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fractional rate of albumin return for the 600 r irradi-
ated lungs must also be high. 
The response of the 600 r irradiated spleen is con-
sistent with what would be predicted from kinetic con-
cepts1 The higher P/L ratio and faster disappearance 
rate produce an equilibration time which is shorter than 
that for non-irradiated controls. However, in the 1200 r 
group, the disappearance rate and P/L ratio are much 
',higher than the 600 r group and yet the equilibrium time 
' 
',is much longer. Again it is necessary to propose that 
' 
' 
',the fractional rate of albumin return in the 1200 r group 
',is much slower than that for the 600 r group in order to 
!'l:xplain the longer equilibration time. 
In spite of the apparent confusion and contradictions 
which result from the analysis of tissue response to 
various doses of radiation, it is possible to extract 
c;ertain generalizations from the analysis before attempt-
i~g to explain tbese results. 
The 600 r and 1200 r irradiation exposures seem to 
produce quite different responses in the hamster. The 
600 r plasma disappearance curve (Figure 5) indicates a 
generally increased permeability and increased extra-
vS:scular plasma mass while the 1200 r disappearance curve 
indicates only a slight increase in permeability and a 
greatly decreased extravascular plasma mass. 
' 
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The results o~ Table 6 may also be summarized by 
observing that the tissues o~ the 600 r group generally 
show an increased extravascular plasma mass while those 
of the 1200 r group show a greatly decreased extravascular 
plasma mass. The tissue extravascular plasma masses o~ 
both irradiated groups generally re~lect the loss o~ 
plasma albumin ~rom the vascular compartment. When the 
decrease o~ vascular albumin is high, there is an in-
creased extravascular albumin mass. This is quite in 
accord with the report o~ Woods, Storey and Furth (1951) 
who observed that the amount o~ albumin disappearing 
~rom the blood during equilibration is proportional to 
the amount in the lymphatics and tissue spaces. 
Still another generalization can be made concern-
ing the responses o~ the individual tissues to ionizing 
radiation. The overall e~fect o~ irradiation on the 
permeability and extravascular plasma mass which is 
clearly discernible in the two irradiated groups are the 
result o~ the processes occurring in the individual 
tissues. These processes include increased or decreased 
permeability, vascular-extravascular plasma masses and 
albumin return. The response o~ the individual tissue 
to irradiation depends on the changes produced in any 
one or any combination o~ these processes. 
I~ the assumption is made that the kinetic concept 
I 
o~ Wasserman and Mayerson correctly describes the equili-






from the widely differing results that there exist two 
completely different experimental situations in the 600 r 
and 1200 r groups. 
Prosser, Painter and Swift (1956) have reported that 
the rate at which Evans Blue dye left the circulation of 
irradiated dogs decreased as the dogs approached the 
acute stage of the radiation syndrome. There are numer-
ous reports in the literature which demonstrate that 
higher irradiation doses decrease survival times of ir-
radiated animals and accelerate the onset of the acute 
phase of radiation sickness (Prosser et. al., 1956; 
Smith et. al., 1955; Caster et. al., 1957 and Fulton 
et. al., 1956). 
The probability that the 600 r and 1200 r irradi-
ated groups represented experimental animals in greatly 
different physiological states is further supported by 
the report of Kohn and Kallman (1957). These investi-
gators have reportea for the golden hamster that the 
relation between killing time and tissue dose was linear 
for doses of 85% to 135% of L.D. 50 • For the range of 
L.D. 15 - L.D. 90 , the death rate curve had two peaks, a 
major one occurring at 8-11 days and a minor one at 16-19 
days after irradiation, suggesting the existance of two 
modes of death. Similar results have been reported in 
Hollaender (1954), 
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Since the L.D. 50; 30 for the golden hamster has been 
:i'··· 
variously reported as 880 r (Fulton, Lutz and Kagan, 
1956) and 700 r (Smith at. al. 1955), the results of the 
present study represent the seven day post-irradiation 
effects produced by a sub-acute (600 r) and a lethal 
dose (1200 r) of irradiation, and their concommittant 
differences in the sequences of physiological events. 
The di·splacement of the ordinate intercepts of the 
irradiated curves in Figure 5 from the ordinate inter-
cept of the non-irradiated curve is due to the greater 
dilution of the injected radio-albumin resulting from 
the decreased hematocrit and possibly an inp'reased 
vasodilation as reported by Fulton, Lutz and Kagan 
(1956). The values for plasma specific gravity (Table 
1) however indicate that the plasma protein concentra-
tion of the 1200 r irradiated group, which shows a de-
creased extravascular plasma mass, is unchanged. The 
600 r group which s haws an increased extravascular plasma 
mass has a plasma specific gravity which is slightly 
decreased. These observations suggest the possibility 
that the intravascular plasma protein concentration in 
the 1200 r group is maintained at the expense of the 
extravascular protein, and that this phenomenon is 
characteristic of the more acute phase of the radiation 
syndrome. 
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There is ample evidence in the literature to sup-
port such a conclusion. It has been reported by Prosser 
et. al. (1947), Storey et. al, (1950) and Soberman et. 
al. (1951) that the blood volume remains relatively 
constant or only slightly diminished after whole body 
irradiation which is approximately median lethal. This 
maintenance of blood volume occurs in spite of a greatly 
decreased red cell volume and is due to a compensatory 
increase in plasma volume. Although these reports sub-
stantiate the idea that there is a compensatory shift 
of fluid into the plasma to maintain blood volume, they 
do not support the idea that sub-acute radiation doses 
increase capillary permeability. The increased dis-
appearance rate and extravascular plasma mass of the 600 r 
irradiated group in the present study indicate that 
capillary permeability has increased. 
Kohn (1950, 1951) has reported that the plasma pro-
tein concentration for guinea pigs and rats decreased on 
the third to seventh post-irradiation day as much as 2o%. 
With exposures greater than 600 r in the rat, the minimum 
plasma protein concentration was reached on the fourth 
day and on the sixth day the plasma protein concentration 
began to increase. Woods et. al. (1951) have reported 
that the albumin concentration in the lymph of x-irradi-
ate'd dogs is much increased relative to intravascular 
plasma albumin on the third post-irradiation day and 
concluded that the findings indicated an increased 
capillary permeability. 
96 
Supplee, Hauschilst and Enterman (1952) have 
studied the effects of various irradiation doses on the 
plasma volume and protein concentration of rats. They 
have observed a decreased plasma volume and plasma pro-
tein concentration on the third post-irradiation day. 
By the end of the first post-irradiation week, the total 
circulating plasma protein was again at or above normal 
values. These investigators could not explain the loss 
of protein on the third post-irradiation day. The possi-
bility that radiation induced apastia caused protein 
starvation was proved invalid experimentally. 
The results of the present study coupled with sup-
porting reports from the literature tend to substantiate 
the idea that there is a definite sequence of post-ir-
radiation adjustments which take place with respect to 
plasma protein. The plasma protein concentration and 
plasma volume are decreased in the first few days after 
irradiation, and subsequently there is a compensatory 
shift of protein from the extravascular compartment into 
the intravascular compartment. In addition there is also 
evidence that the rapidity with which the adjustments in 
the homeostatic mechanism occurs is dependent on the 
severity of the irradiation dose (Supplee et. al., 1952; 
Kohn, 1951; and Lukin, 1957). 
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The explanation of the results obtained for the 
600 r and 1200 r irradiated groups in the present study 
is therefore based on the concept that these irradiated 
groups represent animals in totally different physio-
logical conditions despite the fact that the determina-
tions of results were made after the same post-irradia-
tion interval in both groups. The 600 r group represents 
a sub-acute phase of the radiation syndrome in Which 
recovery from vascular damage, manifested by loss of 
plasma protein into the extravascular spaces, has not 
yet occurred. The 1200 r group on the other hand has 
received much greater vascular damage and is in a far 
more acute stage of the radiation syndrome. The rapidity 
and magnitude of the plasma protein loss from the vascular 
system in the 1200 r group has resulted in a more rapid 
and more pronounced response of the homeostatic mechanism. 
This response manifests itself in the compensatory shift 
of extravascular protein into the intravascular compart-
ment in order to maintain the levels of blood volume and 
total circulating plasma protein. 
The requirements of the kinetic concept would be 
completely satisfied by such an explanation. The 600 r 
group should have a longer than normal equilibration time 
due to the low P/L ratio, only if the fractional rates 
of album in leakage (rp/P) in tbe normal and 600 r irradi-
ated groups were equal. The r /P values of these two p 
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groups are not equal however. The plasma albumin mass 
(P) is decreased and the amount or albumin transferred 
per unit time (rp) is increased twofold in the 600 r 
group. Therefore the fractional leakage rate is much 
higher than normal. Since rp must equal r 1 at mass 
equi~ibrium, the fractional rate of albumin return must 
also be higher. Therefore the rate at which the 600 r 
group approaches equilibrium (rp/P + r 1/L) must be more 
rapid than normal. 
A net gain of plasma albumin at the expense of 
extravascular albumin in the 1200 r group requires that 
the amount of extravascular albumin transferred per unit 
time (r1 ) exceed the amount of vascular albumin trans-
ferred per unit time (rpl· Since the plasma albumin is 
at an approximately normal level, the fractional rate of 
albumin leakage (rp/P) in the 1200 r group would be less 
than that in the 600 r group. The high P/L ratio of the 
1200 r group also indicates that the fractional rate of 
albumin return (r1/L) must be higher than that for the 
non-irradiated group and hence the equilibrium time for 
the 1200 r group is faster than normal. Due to the com-
pensatory return of extravascular protein and consequent 
low fractional rate of albumin leakage, the 1200 r group 
has a longer equilibration time than the 600 r group. 
Although the consideration of the function of the 
homeostatic compensatory mechanism explains the P/L 
99 
ratio, equilibrium time and disappearance rates ror tbs 
total body plasma, the values obtained for the various 
tissues are not completely clarified. The total body 
plasma rerlects the overall result or the irradiation 
response of the individual tissues of' the body. The 
effects produced on the tissues by ionizing radiation 
may be direct, e.g., poisoning of the cells by ioniza-
tion by-products, or they may be indirect. Tbs indirect 
effects on a particular organ or tissue may result from 
irradiation effects on a hormone or enzyme sy.stem in an 
entirely different organ such as the adrenal. Such in-
direct effects could very well upset the homeostatic 
mechanism of an individual organ and either potentiate 
or inhibit the direct effect of irradiation. An attempt 
to analyze the results of irradiation on the homeostatic 
response of the individual tissues would also have to 
consider the integrity of the vascular system itself. 
The amount of radio-albumin entering or leaving the 
vascular compartment during equilibration in normal 
animals depends on many factors, such as hydrostatic 
pressure, colloidal osmotic pressure, integrity of the 
vascular and lymphatic endothelium, and the flow of' 
fluids in these vessels. There is sufficient evidence 
in the published literature to indicate that such factors 
are considerably altered by ionizing radiation. 
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Moon et. al. (1940, 1941) have reported on the 
shocklike state o~ massively irradiated dogs, character-
ized by progressive hemoconcentration, dehydration and 
hypotension be~ore death occurred. Similar results in 
acutely irradiated animals have been reported by Prosser 
et. al. (1947). Woods et. al. (1951) have reported the 
extravasation o~ erythrocytes in the lymphatic system. 
Fulton, Lutz and Kagan (1956) have described the ~orma-
tion o~ petechial hemorrhages. These reports are indi-
cative o~ a decreased vascular integrity and suggest the 
possibility o~ an altered rate o~ lymph ~low which could 
possibly inter~ere with the return o~ extravascular al-
bumin. 
Smith, Svihla and Patt (1951) and Fulton, Lutz and 
Kagan (1956) have reported capillary obstruction and 
impaired blood ~low in in vivo preparations due to cell 
clumping. As pointed out by Hollaender (1954), it is 
conceivable that apparent increases in permeability 
could result ~rom such cell clumping Which lead to stag-
nation, local anoxia and increased hydrostatic pressure. 
Such a discussion includes only the more obvious 
radiation e~~ects which in~luence the overall response 
o~ the homeostatic mechanism in the individual tissues. 
A complete explanation o~ the results obtained ~or the 
irradiated tissues would o~ necessity require that the 
previous ~actors be considered. Such consideration is 
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difficult in the present study, however, inasmuch as 
these factors represent additional variable parameters 
which were not measured quantitatively. It is possible 
only to describe the overall result on the basis of the 
three parameters which were measured; disappearance 
rate, equilibration time, and P/L ratio. The sum total 
of the additional physiological factors which influence 
the overall result are all included under the unmeasured 
parameter of the kinetic system, the fractional rate of 
albumin return, 
Consideration of such factors could possibly explain 
some of the results obtained for the individual tissues, 
however. Erythrocytic extravasation into the lymph 
channels with consequent disturbance of lymph flow might 
explain the slow rate of extravascular albumin return in 
the 600 r and 1200 r irradiated adrenal and the 1200 r 
irradiated liver and spleen. The same explanation would 
hold for the intestine since it has been reported that 
the blood vessels of the intestine are very susceptible 
to petechial hemorrhage following irradiation (Rollaender, 
1954). 
The possibility also exists that lower irradiation 
doses increase the rate of lymph flow, since Bigelow et. 
al. (1951) have reported increased total lymph flow in 
the dog several days after irradiation. An increased 
lymph flow would account for the higher fractional rates 
of albumin return proposed for the 600 r irradiated 
kidney and lung. 
Although the results of the present study describe 
' only the end effect of ionizing irradiation on the opera...i 
tion of the homeostatic me chan ism in the various tissues,: 
the wide diversity of responses of the individual 
tissues to various levels of exposure are obvious. Since 
the method employed in this study reduces many of the 
physiological factors involved in the operation of the 
homeostatic mechanism to a measurable parameter (rate of 
extravascular albumin return), the present study should 
be extended to include a quantitative measurement of 
these contributing factors. Measurements of lymph flow 
through cannulation of lymph channels, measurements of 
lymph albumin concentration, colloidal osmotic pressure, 
and the evaluation of the extent of vascular hemorrahage 
by tagged erythrocytes would greatly clarify the homeo-
static adjustment of the animal to radiation stress. 
Future determinations should also include mus ole 
and skin in order to complete the total picture of plasma 
and lymph albumin exchange. In addition, such determina-
tions might serve to explain the increased disappearance 
rate of radio-albumin in the 600 r and 1200 r slow dis-
appearance phase. Due to the relatively short time in-
terval of the disappearance curve determinations, the 
increased disappearance rate in the slow phase of the 
600 r and 1200 r groups probably does not represent in-
creased protein catabolism but is due to a prolonged 
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equilibration time for radio-albumin in skin and muscle 
(Friedman 1957; Dewey 1959). 
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VII. SUMMARY AND CONCLUSIONS 
The distribution and equilibration of injected radio-
io~inated human serum albumin were studied in the non-
irradiated, 600 r irradiated and 1200 r irradiated hamsters 
on: the seventh post-exposure day. The times required for 
th~ vascular-extravascular equilibration in the whole body 
and in selected tissues as well as the relative masses of 
vascular and extravascular albumin were determined. 
The radio-albumin concentration in the blood fell 
I 
rapidly immediately following injection in both irradiated 
an~ non-irradiated groups. The disappearance rate and time 
re~uired for vascular-extravascular equilibration of radio-
1 
albumin were faster in both irradiated groups than in the 
no~-irradiated. The disappearance rate for the 600 r group 
was approximately twice that of the 1200 r group, and the 
equilibration time for the 600 r group was faster than that 
I 
of the 1200 r group. 
The disappearance rate of radio-albumin and equilibra-
tion times of the selected tissues of the non-irradiated 
group were quite variable. Although 600 r and 1200 r ex-
po,sures of ionizing irradiation produced pronounced changes 
i~ both tissue disappearance rates and equilibration time, 
tHese changes were extremely variable. There was no obvious 
cJrrelation between the change produced in the disappearance 
rJte and the change produced in the equilibration time for 
e~tber exposure. The effects produced by the 1200 r exposure 
did not appear to result in a simple potentiation of the 
efrects produced by a 600 r exposure in any particular 
tissue. 
The total body plasma protein concentration estimated 
105 
by'plasma specific gravity determinations was slightlyre-
duced in the 600 r irradiated group and was at approximately 
' 
normal levels in the 1200 r group. In general, the ratio of 
pllisma albumin mass to extravascular albumin mass in the 
ti~sues of the 600 r group were low, indicating an increased 
I 
extravascular albumin mass, whereas the 1200 r irradiated 
tibsues exhibited a greatly decreased extravascular albumin 
mass. 
The experimental findings indicate that the 600 r and 
1200 r irradiated groups represent animals at different 
stages of the radiation syndrome. The 600 r irradiated group 
I 
represent animals in a sub-acute stage of the radiation 
sypdrome, in which increased vascular permeability is mani-
fested by the decreased level of plasma albumin and increased 
I 
extravascular albumin mass. The 1200 r irradiated group on 
the other hand has incurred greater vascular damage due to 
the more acute irradiation dose. The severity of the 1200 r 
exposure has accelerated the rapidity and magnitude of a 
cdmpensatory, homeostatic transfer of extravascular protein 
iJto the intravascular compartment. Since there is occurring 
a net transfer of protein from the extravascular compartment 
t9 the intravascular compartment, the loss of radio-albumin 
the plasma is decreased in the 1200 r irradiated group. 
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Based on the existence of such a compensatory shift of 
extravascular protein, the experimental findings for total 
body plasma disappearance rates, equilibration times and P/L 
ratios are in agreement with the requirements predicted from 
a theoretical consideration of the kinetics of vascular-extra-
i 
vascular equilibrium. 
Although there has been considerable vascular danJ3.ge and 
I protein leakage due to ionizing radiation in the 1200 r group, 
th~ appearance of the compensatory homeostatic mechanism prior 
to 1 the time at which determinations for this group were ob-
tained produces an apparent decrease in plasma protein loss. 
Since the time at which the extravascular protein shift occurs 
isi related to the severity of the exposure, the use of radio-
albumin plasma disappearance curves as an index of increased 
pepme ability following irradiation is presumptive, unless the 
de,terminations of plasma disappearance rates are made prior 
to the onset of homeostatic readjustment of vascular end extra-
vascular protein. 
' 
While the results obtained for total body plasma dis-
appearance rates, P/L ratios and equilibration times in the 
! 
irradiated groups satisfy the kinetic requirements of vascular-
extravascular equilibrium, the values obtained for the indi-
vidual tissues do not in all cases meet these requirements. 
T~.le total body response,  however, reflects the sum total effect 
I 
of homeostatic adjustments in all the tissues of the body, 
w~ile the results obtained in the tissues reflect the physio-
lbgical and anatomical irradiation effects in addition to the 
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IX. Abstract 
The fact that ionizing radiation acta as a non-specific vascular 
damaging agent vhich increases the fragility and upermeability" of blood 
' 
vessels has been well established in the literature. However, the 
relatii:lnahip between dosage and "permeability'' has not been definitely 
' 
established either in the total animal or in the individual tissues. 
The purpose of this study was to determine the effect of sub-
lethal ·.and supra-lethal doses of ionizing radiation in transvaecular exchange. 
In order to accomplish this, the rate of disappearance of injected radio-
iodinated human serum albumin from the circulation of non-irradiated hamsters 
was com:Pared with that of hamsters irradiated at 600r and 1200r irradiation 
' exposures. Farther, the rate of disappearance from the plaame. as a whole 
vas detEjrmined as well as tha rate for liver, spleen, kidney, lung, adrenal 
and intestine in order to determine if the effects on tre.nsvascular exchanges 
' 
' due to irradiation injury were more pronounced in rmy particular tissue. 
I 
' 
Dete:t'mi.nlitions were also made of the times required for vascular-extravascular 
' equilibration of injected radio-albumin and tha intravaaoular and extravascular 
albumin masses in the various tissues of the non-irradiated and irradiated 
groups in order to correlate the disappearance rates with changes in vascul~ 
extravasaW.ar albumin mass. 
\ The disappearance of radio-albumin was plotted as the percent of 
injected cJ,ose per gram of tissue as ordinate values S{tainst time as abscissae. 
The valueJ for intra- and extra-vascular albumin mass were calculated at the 
time when L equilibrium was reached between vascular and extravascular 
i 
specific activities. Approximations of the transfer rates were obtained from 
the initial elope of the disappearance curve. 
121 
The values for hematocrits in the non-irradiated control group, 
600 1i, and 1200 r, irradiated groups were 45.4 2.58%, 34.2 2.55% and 
I 
32.8' 3.99/& respectively. The values :for specific gravity of whole blood of 
the irradiated groups shoved a significant decrease from the control value 
(1.061) which probably reflects the decreased hematocrit. The specific 
gravity value :for plasma vas slightly decreased in the 600 r group and shoved 
no significant change from the control value in the 1200 r irradiated group. 
The disappearance of radio-albumin from the circulation of the 
600 r, irradiated group proceeded at a rate which was approximately twice that 
! 
of tlie non-irradiated group. The plasma disappearance for the 1200 r group 
was iDly slightly faster than for the non-irradiated group. The rate of 
extra-vascular accumulation of radio-elbumin in the individual organs of 
' I 
non-irradiated ani mal s exhibited considerable variability. The disappearance 
ratell in the intestine, adrenel and liver were faster than the total be~ rate, 
' 
I 
and the rates for spleen, kidney and lung wers slower. 
Exposure to ionizing radiation produced differential alterations 
in the disappearance rates of the individual tissues as compared with the 
controls. The rates in adrenel, liver and lung at 600 r were slower than in 
the controls, and the rates in spleen, kidney and intestines were faster. 
I 
At 1200 r, the disappearance rates were faster for all tissues examined except 
the liver. 
I The intravascular and extravascular albumin masses also differed 
i 
' for the individual tissues in the non-irradiated group. Exposure to ionizing 
radia~ion produced significant changes in the extravascular albumin masses 





a probessive increase with increasing x-rrzy exposure. All other tissues of 
I 
the ~00 r group showed significantly increased extravascular albumin masses 
' 
I whi.lj those of the 1200 r group were significantly decreased. 







tthaatetsthe. animals in these two groups are in totally different peysio-
The 600 r group represents a sub-acute phase of the radiation 
syn,ome i.n whi.ch recovery from vascular dsma&e, manifested by loss of plasma 
protelin into the extravascular spaces, has not yet occurred. The 1200 r group, 
on ~ other hand, has received much greater vascular dmnage and is in a far 
more lacute stage of the radiation syndrome. The rapidity and ma&ni.tude of 
! 
the ~lasma protein loss from the vascular system in the 1200 r group has 
! 
resulted in a more rapid and more pronounced response of the homeostatic mech-
i anism. This response manifests itself in the compensatory shift of extra-
' 
I 
vascUlar protein into the intravascular compartment in order to maintain the 
levells of blood volume and total circulating plasma protein. 
I 
1 Although the consideration of the function of the homeostatic 
i 
compensatory mechanism explains the plasma-lymph ratio:; equilibrium time and 
I 
disappearance rates for the total body plasma, the differential values obtained 
i 
I 
for the various tissues are not completely clarified. The total body plasma 
i 
I 
reflects the overall result of the irradiation response of the individual 
tisls of the body. !!!he effects produced on the tissues by ionizing radiation 
mrzy ~e direct, for example poisoning of the cells by ionization by-products, 
or they mrzy be indirect. The indirect effects on a particular organ or tissue 
mrzy Jesult from irradiation effects on a hormone or enzyme system in an 
' 
' entiz'ely different organ such as the adrenal. Such indirect eff'ects could very 
well. upset the homeostatic mechanism of an individllal organ and either 
po~entiate or inhibit the direct effect of irradiation. Therefore, in 
addition to kinetic considerations, the results obtained in the individual 
ti~sues must be considered in light of additional irradiation effects. 
These effects include hemoconcentration, dehydration, extravasation of red 
' cells into the lymphatic system· as well as apparently increased permeability 
due to local anoxia and increased hydrostatic pressure. Furthermore, 
differential disappearance rates of the various tissues may also reflect 
morphological differences in capillary endothelium as described by electron 
microscopists which may influence the effect of irradiation injury on trans-
capillary exchange. 
I 
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